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ABSTRACT
HELD EMISSION BASED SENSORS USING CARBON NANOTUBES

Changkun Dong
Old Dominion University, 2003
Co-Advisors: Dr. Ganapati R. Myneni
Dr. James L. Cox
A number of sensitive applications would be greatly benefited by the development
of better cold cathodes that employ the electron field emission process. Among the many
kinds of field emitters that could be tried, carbon nanotubes (CNT) have a number of
distinct advantages because of their unique geometrical structure, chemical inertness,
mechanical stiffness, and high thermal and electrical conductivities. This dissertation
describes research in which CNT cathodes were fabricated and their emission
characteristics were measured.
Multi-walled carbon nanotubes (MWNT) were grown by chemical vapor deposition
(CVD) on various substrates: Ni and Hastelloy gauze, 304 stainless steel (SS) plates, and
Ni-coated Si wafers. Either C2 H 2 MX (or N2 ) source gases were used in a temperature
range from 650-780 °C. Nanotubes were produced with diameters that varied from 20nm
to 300 nm, depending on the substrate and temperature. Structures of these nanotubes
were characterized by Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), Atomic Force Microscopy (AFM), and Raman scattering.
Field emission performance for samples of carbon nanotubes deposited on the
various substrates was intensively investigated. Nanotubes grown on the Ni substrates
were found to have turn-on fields of 1.0-2.0 V/pm, the lowest obtained. The emission
from all individual samples was reproducible within 3% among operation cycles.
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Variations of less than 7% among different batches were found for MWNT grown on SS
substrates. MWNT on the gauze substrates were very stable emitters up to a pressure of
10'6 Torr in air.

Our experiments revealed that there exist absorption dominated,

intermediate, and intrinsic emission regimes caused by three different gas-surface
reaction processes. Operation of CNT emitters in a hydrogen atmosphere was found to
improve emission stability. Tube deformation, elastic or plastic, was found to occur for
high electric fields. Emission performance was also characterized by surface emission
mapping and by emission pattern imaging. Experiments suggest that the emission current
from a single carbon nanotube could be greater than 20 pA for the sample grown on the
Hastelloy substrate and ~ 4 |iA for tubes grown on SS.
With the help of computer simulation, an optimum design for an ion gauge with a
CNT electron source was developed.

This gauge was built and its operation was

investigated. A total emission current of 64 pA was obtained for a CNT cathode on Ni
substrate at an acceleration gate voltage of 310 V. Electron transmission through the gate
grid was found to be 70-75%, only -10% lower than the gate transparency. This ion
gauge had excellent linearity from 10'6 to 10'10 Torr, with gauge sensitivity between 2
and 2.5/Torr for nitrogen. This gauge will find application in ultra-high vacuum and
extreme-high vacuum (UHV/XHV) applications.
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SECTION 1
INTRODUCTION

Vacuum electronic techniques have played an important role in the development of
many modem technologies, like flat panel displays, micro-fabrication, material analysis,
and vacuum system monitoring. In these vacuum electronic devices and instruments, one
key component is the electron source. Electrons generated by the electron source mainly
are used as high energy particles to interact with a target. For flat panel displays, for
example, electrons hit an optical film such as a phosphor that “lights up” upon being hit.
For vacuum measurement instruments, like ion gauges and residual gas analyzers (RGA),
energized electrons react with gas molecule to generate ions. System pressure and gas
composition can be acquired by collecting and analyzing the ion current.
Electrons are emitted from materials when they acquire enough energy to overcome
the potential barrier that confines them. They can get this energy when the material is
heated (thermionic emission), when light is incident on the material (photoelectric effect),
or when the material is bombarded by energetic particles. They can also be emitted by
lowering the potential barrier that confines them—a process known as field emission.
High emission currents can be obtained via thermionic emission, but such hotcathode sources have significant disadvantages in sensitive applications, such as ion
gauges. Those problems can be avoided by use of field emission cathodes, which are
cold.

The journal used for preparing this dissertation is the Journal o f Vacuum Science and Technology
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Although the process of field emission is well understood, there is a need to develop
specific field emitters that can operate at relatively low applied voltages and that will
have great stability in operation. Carbon nanotubes (CNT) offer a new approach toward
the creation of such cathodes, and the development of such cathodes is the focus of this
dissertation.

Overview of the dissertation

Section 2 presents a review of the field emission process. Relevant aspects of the
structure and electronic properties of carbon nanotubes, as well as carbon nanotube
synthesis and physical characterization, is discussed in Section 3.

In Section 4, the

experimental setups and procedures used in this work will be presented. These include
setups for carbon nanotube synthesis by carbon vacuum deposition, measurement of field
emission in various vacuum conditions, electron imaging of the cathodes, and mapping
the uniformity of the emission surfaces. Section 5 compares the characteristics of the
various nanotube samples obtained by use of SEM, TEM, Raman scattering, electron
imaging, and (most importantly) field emission techniques. In Section 6, the design of an
electron source made with carbon nanotubes and its application in vacuum measurement
instruments are described.

Finally, Section 7 summarizes the entire work and puts

forward suggestions for future work.
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3

SECTION 2
FIELD EMISSION
2.1 Theory of field emission
2.1.1 Fowler-Nordheim tunneling of electrons
Electron field emission can be well depicted by quantum tunneling theory,1 as
shown in Fig. 2.1. According to the Heisenberg uncertainty principle, a knowledge of the
momentum of an electron within an uncertainty implies a corresponding uncertainty in its
position, given by
A p - A x ~ h i 2.

(2.1)

Vacuum Level with work function 4.5 V

15A

Fig. 2.1. Surface potential barrier for a metal of work function 4.5 eV. Broken
curve refers to the additional potential caused by the adsorption of nitrogen.
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For electrons near the Fermi level, the momentum uncertainty is in the range of
2(2m<p)V2 with respect to energy barrier. Then we have
Ax~h/2(2m<p)m ,

(2.2)

where cp is the work function.
On the other hand, when applying a field F on the solid surface, the surface
potential barrier V will be
V = <p~ F e x ,

(2.3)

where e is electronic charge.
For the electrons in the Fermi level, V = 0, and electrons may tunneling through the
barrier when Ax = x , or
q>! Fe ~ h 12{2m<p)1'2,

(2.4)

where m is the electron mass.Equation (2.4) isroughly the condition requiredfor field
emission.
There exists an imaging potential, Vim, near the surface induced by the surface
electrons
Vim = ~e2/(4 x ),

(2.5)

The potential at a metal surface has the form
V = <p- Fex - e2 /(4 x ).
The potential barrier is then lowered. Theposition

(2.6)
X top and height of thetop of the

barrier Vwp can be achieved by setting the derivative of Eq. (2.5) to zero, which are
X wp - (3 .6 /F ) 112,
and
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(2.7)

5
(2.8)

The reduction in the applied field is in the order of 10-20% resulting from the image
effect.

Figure 2.1 also shows the potential barrier increase after the adsorption of

nitrogen on surface.
According to Wentzel-Kramers-Brillouin (WKB) method, penetration coefficients
D(e,V) that an electron tunnels through the potential barrier are expressed as
D = f ( E , V ) exp[-2(2m / %2f 2£ (V - E f 2dx] ,

(2.9)

where V and E are the electron’s potential and kinetic energies respectively, and
f ( E , V ) is an insensitive function of V and E that is close to unity.
The calculation by Fowler and Nordheim2 yields

D = 4[EX((p + f l - E x)2/((p + ju)exp[-4 / 3(2m l h 2) 2(<p + j u - E x)2 l(F Ie)\,

(2.10)

where Ex is the electron kinetic energy in x direction.
If we only consider the electrons near the Fermi level, that is Ex ~ pi, Eq. (2.10)
yields
D = 4(<pjuf12 !{<p + [£)exp(-6.8x 107(pV2 I F ) ,
for (p and /u in volts, and F in V/cm.

(2 . 11)

After accurate calculating the electron

penetration probability over the surface and integrating over 0 < Ex < fi, surface electron
emission density could be expressed by the well-known Fowler-Nordheim equation
J - 6.2 xlO 6{(p/nf2 !((p + ju)- F 2 exp(-6.8 x 107<pvl / F ) .

(2 . 12)

Practically the Fowler-Nordheim equation (2.12) is often written as3
I I V 2 = a-exp(-h/V),
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(2.13)

where a = L56xl0~6a /? /(l.l^ )ex p (1 0 .4 /^ 1/2) , b = 6 .4 4 x l0 7^ 3/2 //? , and I - J a with
a representing the emitting area. /3 - F I V is the field enhancement factor considering
both the separation of the electrodes and the field enhancement due to the cathode
geometry. A plot of ln(7I V 2) versus 1/V will result in a straight line with slope - b .
Then, analysis of the slope can reveal the information about the surface work function.
Figure 2.2 shows the FN plots for the tungsten emitter, the Platinum/Iridium emitter, and
the diamond coated field emitter array (FEA).4 Each FN plot exhibited a straight line. It
is clearly seen that the diamond FEA presents the smallest work function value among
this group of metals.

Diam ond FEA

-10

W

-15

P t/lr

-20

O

0 .0 0 4

0 .008
1/ V

0.012

0 .0 1 6

0.02

Fig. 2.2. F-N plots of three emitters.

2.1.2 Electron energy distribution
The energy distributions of the field emitted electrons played an important role in
the derivation of the Fowler-Nordheim equation. This distribution is also of considerable
interest for various field emission electron sources where the electron energy is crucial to
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determining the performance of the microelectronic device.

In vacuum measurement

instruments like the residual gas analyzer (RGA) and the ion gauge, ionization
efficiencies of gas molecules depend on the electron energies.
By considering the impact of electrons with total energy ranging from E - m V 212
to E + dE on a surface dS in unit time, the electron flux arriving at dS from a solidangle element dQ - s i n d dd- dd? is found to be
J ( E , Q )- d E - d Q = N ( E ) v cos0 sin8 - d d - d ^ - d E - d S l(A n ),

(2.14)

where N(E)dE is the Fermi-Dirac function which is the number of electrons per unit
volume in energy range d E . It can be expressed as1
N{E)dE = (A n !h 3){(2m)2n E 1/2 /[I + e ^ 1*7 ]}dE.

(2 . 15)

After integrating over 3>, the following expression is reached per unit of surface area
J ( E ,Q ) - dE-dd - N ( E ) v c o s^ sin 0 ■d 8 - d E ■dS 12.

(2.16)

By use of the normal component of the surface energy Ex , where
dEx - d ( m V 2cos2 8 / 2 ) = - m v 2 cos 6 s m 0 - d 0 ,

(2.17)

this energy flux can be written as
J ( E , E x)-dE-dEx = - ( 2 m E T V2N ( E ) - d E - d E x / 2 .

(2.18)

We need to consider the barrier penetration coefficient D(E,V) in the calculation of the
energy distribution. After multiplying the above equation by D{E,V) and integrating
over dEx, the energy distribution can be expressed as1
1(E) -dE = -l6 m n- dE/[h\<p + //)(1 + e(E^ )/kT)] •
eE
J [Ex(<p + M - E x) f 2expl-b(<p + n - E xf n / F] - dEx
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(2.19)

8
At ordinary temperatures, the emission comes mainly from the vicinity of the Fermi
level, that is Ex ~ j u ; then,
(2 .20)

[Ex(<p + j u - E x)]m ~{<pn)i n .

Finally integration yields:1
1(E) •dE = 32miju1,2F exp ( - b p 312 / F ) /[3 M 3(q>+ //)] ■

( 1-21)

exp[(3(pl,2b(E - fi) 1(2F )]/{I + exp[(l - ju) /(kT) \} ■dE
Figure 2.3 shows the field emission electron energy distribution at a metal surface.
On the left the density of the states (DOS) inside the metal is represented by the FermiDirac distribution at 300 K. The energy barrier close to the surface is influenced by the
image potential, which results in the barrier rounding. Emitted electrons are sharply
peaked at the Fermi level. The low energy side of the peak shows the decrease of the
electron tunneling probability because of the increasing of the surface potential barrier,
while the high energy side indicates the thermal broadening of the electron distribution at
the Fermi level. In the case of emission from the valence band of the semiconductor,
changes in the shape and position of the peak are expected.

Vacuum Level with work function 4.5 V
Field emission electron
distribution

Emission Intensity, a.u.
Distance from surface, nm

Fig. 2.3. Electron distributions from an emitter with a work function of
4.5 eV under an electric field of 2.7 V/nm.
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2.2 Field emission related factors
2.2.1 Emission site
Besides the need to acquire a high field from the sharp tip, it has not been found
possible to obtain uniform field emission over areas greater than a few square microns.
This is because the arcs and voltage breakdown may occur between broad area metal
electrodes when the electric field exceeds about 5x10s V/cm, whereas substantial
1
^
emission requires field above 5x10 V/cm . As a result, field emission has only been
realized from sharp electrodes.3

2.2.2 Surface gas adsorption
For the operations of metal emitters, gas adsorption on the tip surface affects the
emission stability seriously due to the change in surface effective work function.5, 6 An
electric dipole layer may be formed from the surface adsorption. There will be a work
function shift Acp due to this adsorption layer1
A(p = I n P f l s Q ,

(2.22)

where Pt is the dipole moment, N s is the maximum number of adsorption sites per unit
area, and 6 is the fraction of filled ones.

Sometimes researchers refer to the work

function after surface adsorption as the effective work function.
Air contamination leaves a strong bonded oxygen layer, which acts to increase the
work function because oxygen is electronegative. Oostrom’s work shows clearly that the
current drops as a function of oxygen exposure time.7

An exception is hydrogen

adsorption, which always decreases surface work function in low pressure, thus
improving the emission. Surface gases may desorb under various situations, like long
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10
term operation, high emission current running and tip heating. Comparison of the slope
S = -b(pV2 of the Fowler-Nordheim curves will give information about effective work
function variations in surface due to gas adsorption. In this dissertation, our results show
clearly the effect of surface gas desorption processes during electron emission for both
metal and carbon nanotube emitters.

2.2.3 Emission failure
The mechanisms that could induce failure of the field emitter include a) chemical
reaction of the tip with the ambient, b) sputter erosion of the tip surface due to ions
formed by the emitted electrons, c) tip disruption by overheating when the emission
drawn from the tip exceeds a limiting value, and d) tip and gate disruption caused by an
discharge between tip and gate. The operation of the Mo field emitter array (FEA) at
pressures higher than IxlQ"7 Torr appeared to induce a reduction of emission current,8 as
shown in Fig. 2.4. The emission current declined after an increase in the nitrogen partial
pressure to 2.5x10" Torr for 10 min. The emission current of 5.42x10" A dropped to

3= 2.6x10 ' 10 Torr

2 .5 x 1 0 -7 Nitrogen, 10 min

<

5x1 O'5
2 .6 x 1 0 10 Torr

3x1 O'5

20

30
40
Time, hour

50

60

70

Fig. 2.4. Emission decline after exposing to 2.5 x 10"7 Torr nitrogen for FEA.
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3.85xlO'5 A and only returned to 92% of its original value in 48 h after the pressure was
restored to 1 0 10 Torr. The high pressure operation will shorten the emitter lifetime. This
might be due to microscopic change of the tip geometry. The sputtering rate will go up
when vacuum deteriorates and this is likely to lead to tip melting via resistive heating and
eventual deterioration of the emission current.9

2.2.4 Temperature effects
Even though electrons leave the surface under the electric field instead of under the
■2

resistive high temperature heating, there still exists a temperature effect for field
emitters. At any given emission level, electrons give energy to the lattice (heating) when
tunneling from at or below the Fermi level; otherwise, electrons remove energy from the
lattice (cooling) when tunneling from above the Fermi level.

The equilibrium

temperature at which the heating effect is balanced by the cooling effect is called the
critical temperature Tc. Tc is given approximately by10,11
Tc - 5.8xl0~5F / <p1'2.

(2.23)

For F ~ 8xl07 V/cm, (p - 4.5 eV, Tc is ~ 2200K. For high Tc situations, emitters will
continuously supply heat to their environments, and the actual equilibrium temperature is
smaller than Tc . It is clear that the lower the applied field, the lower the emitter
temperature.
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1.3 Review of field emission materials
2.3.1. Single metal tip emitter
Before the 1980s, the most popular field emitter was the ultra sharp metal tip, which
is typically fabricated by electrochemical etching. Great efforts were made in the areas
of emission performances,12-14 theory15-18 and applications19-22 for single metal emitters,
especially during the 1950s and 1960s.

Emission density of up to 107 A/cm2 was

demonstrated with long life (-12,000 hrs) for the tungsten tip,14 but a high vacuum of
about 10'9 Torr is essential to get satisfactory operations in order to reduce the tip damage
by ion bombardments under high pressure.

Occurrence of a vacuum arc between

electrodes is proposed as the cause of the metal tip failure, and the current density of
range 107 to 108 A/cm2 is the dominant criterion for the initiation of the arc.12 Tip
surface atoms migration will alter the tip curvature, thus influencing the long-term
emission stability. The migration rate in terms of the tip length variation for tungsten tip
was derived as23,14
dz/dt - -2.6 x 104 exp(-36300 / T) l(Tr3),

(2.24)

where dz/dt is in cm/sec, r is in cm, and T is in K. This receding rate is a sensitive
function of both tip radius and tip temperature.
Single metal emitters have been used as electron source for various electron
microscopies as well as vacuum measurement instruments.24 Field emission microscopy,
in which the tested sample metal is fabricated into electron emission tip, is used to
determine the metal crystalline structures.

The developments of the electrochemical

etched single metal emitter are constrained by several fatal problems like ion sputtering
damage of the tip, vacuum arc under high emission current and small emission current for
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one tip. The requirements of high vacuum environmental and high temperature surface
degassing for stable long-term operations further limit its applications.

2.3.2 Field emitter array (FEA)
In the history of the field emission theory and applications, one important step is the
development of the field emitter array by C.A. Spindt and his co-workers.

The Spindt

FEA is fabricated based on micro thin film techniques. As shown in Fig. 2.5, the basic
unit of the FEA consists of a conductor-insulator-conductor sandwich.

The top

conducting gate film has holes of from 1.0 to 3.0 pm in diameter through which a cavity
can be etched in the insulator. This cavity undercuts the gate and uncovers the substrate
conductor. A metal cone whose base is attached to the substrate and whose tip is close to
the plane of the gate film is then formed in the cavity. Molybdenum is selected as the
cone material because a) it is a good candidate to form the sharp pointed cones and b) Mo
has well established property data that is very useful in fabricating cones. Technologies

Metal G ate Film—►

S i0 2 Layer — ►
Mo C o n e

--------

Si S u b strate— ►

Fig. 2.5. Spindt Field Emitter Array (FEA) unit.
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allow the FEA to be made in arrays of up to 5000 units at packing densities up to
6.4xl05/cm2. The tip radius is about 500

A and a maximum currents in the range 50-150

pA per cone can be drawn with applied voltage in the range 100-300 V at pressure of
10'9 Torr or less.
Spindt FEA could be used as electron source for the flat panel display,25 vacuum
instruments like RGA and ion gage8, 26-28 and electronic devices such as triode. This
Q

emitter normally works well with pressure bellow 10' Torr. The big challenge for the
Spindt FEA is the emission stability in a low vacuum range. Serious FEA failure may
occur mainly because of the ion sputter erosion and chemical reaction of tip with the
ambient for pressure higher than 10'8 Torr. The performance of the emission devices
tends to degrade with time.

2.3.3 Diamond based field emitter
At the same time, diamond material attracted much attention. Chemically inert,
mechanically hard and physically high thermal conductive, diamond was considered a
very promising candidate for field emission. The unusually negative electron affinity
(NEA) property29 of diamond makes it possible to fabricate the diamond emitter with
extra low emission field. Okano and co-researchers obtained turn-on field as low as 0.20.3 V/pm for a nitrogen doped diamond.30 Diamond film based FEA, which adopts the
basic structure of the Spindt FEA, was widely reported in the 1990s.31 Even with great
chemical, mechanical and physical performance, the application of diamond FEA is still
questionable for pressure higher than 1O'7 Torr, mainly due to its emission fluctuation and
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long term emission degradation.

The major failure factor, i.e., that the micro-tip is

damaged by the ion sputtering for the metal FEA, also exists for the diamond FEA.

2.3.4 Carbon nanotube emitter
Carbon nanotubes can be traced back to carbon fibers, the macroscopic analog of
carbon nanotubes first made in the 19th century.32 In order to synthesize more crystalline
filamentous carbon materials and to enhance structure resistive to crack propagation, the
catalytic chemical vapor deposition (CVD) process was proceeded in the 1960s and early
1970s. As the research on carbon fibers proceeded into micrometer scale, the growth of
the hollow tube was reported ’

with multi-layer tree ring like structures and the inner

most cylindrical diameter <100

A.

Systematic studies of very small diameter carbon

filaments were stimulated by the Nobel Chemistry Prize discovery of the fullerenes by
Kroto and Smalley.35 The real breakthrough on the carbon nanotube research came with
Iijima’s report of experimental observation of carbon nanotubes using TEM,

as shown

in Fig. 2.6. Since then, the study of the carbon nanotube has progressed rapidly.
Despite their unique geometrical structure and ability to be produced simply in very
large quantities, carbon nanotubes are chemically inert, mechanically 100 times stronger
than steel in nanometer dimension and even can outlast the stiffest silicon carbide nano
rods.

They are able to withstand repeated bending, buckling and twisting, and can

conduct electricity as well as copper or semiconductor like silicon. Nanotubes transport
heat better than any other known material. The density of the nanotubes grown by the
CVD method can be in the range of 108-109 /cm2. All these attributes make the carbon
nanotubes a very promising candidate as field emission material.
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Fig. 2.6. TEM images of multi-wall carbon nanotubes reported by lijima.
a) Tube consisting of five layers, diameter 6.7 nm, b) Diameter 5.5 nmtwo layers
tube, c) Seven layers tube with inside diameter 2.2nm and outside diameter 6.5nm.

1.4 Applications of field emission based electron sources
Due to drawbacks of hot filaments and the measurement requirements for some
thermal sensitive systems, the field emission electron source has attracted people’s
attention as a candidate to replace thermal filaments for over two decades. Li and Zhang
applied chemical etching single tungsten field emitter into ion gauge.37, 24 A linear
response with pressure has been measured down to a pressure of about 5 x l0 'n Torr with
a sensitivity factor of 2000 Torr'1 at an electron current of about 2 pA. Unstable emission
limited its further practical applications. Several groups tried to apply the Spindt type
FEA in gauges and RGAs. Baptist and Bachelet

demonstrated Penning cold cathode

gauges by using Spindt type FEA to start the discharge reliable whatever the pressure
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level.

They believed this design should find some application either in the industry

where the reliability is an important factor or the whole control of pressure is completely
automatic. Baptist39 also replaced hot filament by the Spindt type FEA in the B-A gauge
and showed increased measurement sensitivity. This gauge had the sensitivity value of
333 Torr'1 and was able to work from 10'9 Torr to 10'2 Torr. The cathode emission
Q

current dropped from 20 pA to 0.05 pA when increasing pressure from 10' Torr to 10'
Torr and the reproducibility seemed to be difficult to reach.

Ogiwara et al.

2

27

demonstrated a FEA based RGA which avoided the thermal effect of the traditional hot
filament. Dong and Myneni8 applied Mo FEA in both extractor ion gauge and RGA.
The gauge showed excellent measurement linearity in the pressure range of 1 0 n -10'6
Torr and the RGA presented stable sensitivity below 10'7 Torr. The drop of emission
current under pressures higher than lxlO '7 Torr limited its applications. The attempts of
introducing field emitters into the vacuum measurements encountered one common
problem: emission current decline in high pressure environmental (normally above 10'
Torr), which is result of the tip damage by ion sputtering.

o

The failure rate is an

exponential function of the emitted currents.40 In the dissertation, inspired by unique
physical, chemical and mechanical properties of the carbon nanotube, we try to overcome
this difficulty by fabricating carbon nanotube based electron sources.
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SECTION 3
CARBON NANOTUBES

3.1 Structures of carbon nanotubes
Carbon atoms can chemically bond in different ways, called hybridizations, to
create structures with different properties. When four valence electrons of a carbon atom
share equally with neighboring carbon atoms, isotropic strong diamond is formed with
sp3 hybridization. If only three of four electrons form covalent bonds with neighbors in a
plane and the fourth is allowed to be delocalized among all atoms, graphite is formed
through the sp2 hybridization a bindings with distance of 1.42 A. In graphite, the weak
van der Waals force binds sp2 carbon layers together to form bulk material with the layer
distance of 3.35

A, while the fourth electrons construct %bonds that are perpendicular to

the graphene planes. %bonds are most important in determining the solid state properties
of the graphite.
Early experiments done in the 1980s concluded that when the carbon atom number
is smaller than a few hundred, structures corresponding to linear chains, rings as well as
closed shells may form.41 To form curved structures from a planar fragment of graphite
lattice, certain topological defects must be included in the structure.42 It is a curious
consequence of the Euler’s principle that exactly 12 pentagons are required to provide the
topological curvature to completely close the hexagonal lattice. In closed shell structured
Czn fullerenes that were first reported in 198543 and that earned a Nobel Prize, there are n10 hexagons but only 12 pentagons. Thus a greatly elongated fullerenes can be produced
with exactly 12 pentagons but millions of hexagons. Such structure would correspond to
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carbon nanotube with two pieces of fullerenes at the ends. Figure 3.1 shows four types of
carbon structures.

Fig. 3.1. Carbon family. Clockwise from top left: graphite, nanotube, fullerene
sphere, and diamond.44

3.1.1 Single-wall and multi-wall carbon nanotubes
There are two categories of carbon nanotubes. One is single wall carbon nanotubes
(SWNT), which have single-layer cylinders extending from end to end with a diameter of
approximately 0.7-10 nm (most of the observed SWNT have diameters <2nm).
Nanotubes with diameters larger than 2 nm tend to show many structural defects, whereas
very small diameter nanotubes tend to be more perfect, with fewer structural defects. If
both ends are neglected, SWNT can be considered one-dimensional nanotubes. When
produced in the vapor phase, the SWNT self-assemble into large ropes which are
composed of tens of tubes.
The second category is multi-wall carbon nanotubes (MWNT), which are made of
concentric cylinders placed around a common central hollow. The inter-layer distances
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are 0.34mm according to Ejima14 and confirmed by various groups later. This distance is
slightly smaller than the graphite inter-layer value of 0.355nm, since in these tubes there
is a severe geometrical constraint when forming the concentric cylinders. There could be
several to hundreds of layers in MWNTs.

3.1.2 Chirality and electronic characteristics
In single layer carbon nanotubes, an important structure factor is the orientation of
the hexagon carbon rings in the honeycomb lattice relative to the axis of the nanotube.
From Fig. 3.2, it can be seen that the direction of the hexagon ring can be taken almost
arbitrarily without any distortion.32 The variety of such spiral conformation is called
chirality. The primary symmetry of the carbon nanotube is either achiral or chiral. For
the achiral carbon nanotube, its axis mirror image has a structure identical to that of the
original, so it is “axial symmetrical”. Armchair nanotube and zigzag nanotube are only
two kinds of achiral tubes. The chiral nanotubes exhibit spiral symmetry while their
mirror structure cannot be superposed on to the original one.

Fig. 3.2. Classification of carbon nanotubes: (a), armchair, (b). zigzag,
and (c). chiral nanotubes.10
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The structure of a nanotube can be defined through unrolling the honeycomb lattice
of the nanotube, as shown in Fig. 3.3, in which OB represents the nanotube axis direction
and vector OA corresponds to the equator. Points O and A coincide after rolling this
honeycomb sheet back to tube. The vectors OA and OB define the chiral vector Ch and
the translational vector T of a carbon nanotube respectively. Ch can be expressed by the
unit vector ai and a.2 ,
Ch = naj + m U2 = (n,m ), ( n,m are integers, G<| m | < n).
where the absolute value of aj and

02

(3.1)

is the lattice constant a= 1.44A x V3 = 2.49 A.

An armchair nanotube corresponds to the case of n = m , while a zigzag nanotube is in
the case of m = 0 . All other ( n , m ) vectors correspond to chiral nanotubes. The chiral
angle is defined as the angle between vectors
cos 9 =Ch' Ui/ (\Ch \ I«zl) = (2n + m)/(2-Jri^ + m2 + n m ) .

(3-2)

9 is in the range of 0-30°. 6 equals to 0 for zigzag nanotube and 30° for armchair one.
The diameter of the carbon nanotube d t is
(3.3)

Fig. 3.3. Unrolled nanotube lattice. The figure illustrates the nanotube with Ch = (2, 4).
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Translation vector T is parallel to the nanotube axis and is normal to the chiral
vector Ch in the unrolled lattice. Vector T can be represented in terms of the unit vectors
ai and « 2
T = txai + tza2 = (tx,t2).

(3.4)

From relations (3.1) to (3.3) as well as Ch ■T = 0 , tx and t2 are given by:
tx = (2m + n ) / d R, t2 = ~(2n + m ) / d R,

(3.5)

where d R is the greatest common divisor of (2m + n) and (2n + m ) .
The electronic structure of carbon nanotubes can be derived from the tight binding
calculation for the % electrons in the graphite.

Figure 3.4 shows a unit cell of the

hexagonal graphene carbon lattice. According to the tight binding theory,

the condition

for obtaining a metallic energy band is that the ratio of the length of the vector YK to that
of Ki is an integer. Since the vector YK is given by
YK = (2n + m) / 3Klt

(3.6)

W

K

W'

Fig. 3.4. The condition for metallic energy bond. Kj and K2 are reciprocal
lattice vectors corresponding to Ch and T respectively: Ch Kj = 2n,
T Ki = 0, Ch-Ki = 0, T ■K2 = 2n. Line segment WW\ which is
parallel to K2, represents the Brillouin zone of a carbon nanotube.
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the condition for metallic nanotubes is thus that (2n + m) or equivalently (n - m ) is a
multiple of three. Figure 3.5 shows the indexing scheme that distinguishes metallic and
semiconducting nanotubes by the chiral vector (n, m) .

In particular, the armchair

nanotubes denoted by (n,n) are always metallic, and the zigzag nanotubes (n,0) are
metallic only when n is a multiple of three.

Zigzag
( 10 ,

0,3)
(4, 4 tfr .S , 4)j (6,
(5, 5)

o Metal

• Semiconductor

(8, 5)

Armchair

Fig. 3.5. Metallic and semi-conducting carbon nanotubes are denoted by
open and solid circles on the chiral vector indexing scheme.

The electronic conduction process in carbon nanotubes is unique since in the radial
direction the electrons are confined in the singular plane of the graphene sheet. The
conduction occurs in the armchair (metallic) tubes through gapless modes as the valence
and conduction bands always cross each other at the Fermi energy level. The density of
the states (DOS) near the Fermi level has a value of zero for semi-conducting, but is no
zero for metallic nanotubes. For most helical tubes, the one-dimensional band structure
shows an opening of the gap at the Fermi level, and this leads to semi-conducting
properties. This unique electronic behavior only occurs for small nanotubes. As the
diameter of the tubes increases, the band gap tends to zero, yielding a zero gap
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semiconductor electronically equivalent to the planar graphene sheet.42 The relation
between the energy gap Eg and the tube diameter d is
Eg =\t\ac_cId„

(3.7)

where ac_c —a I V3 is the nearest neighbor C-C distance on a graphene sheet and |t| is
the C-C binding overlap energy that is 3.13 eV for 3D graphite.32
In a multi-wall nanotube, the electronic structure of innermost tubes is
superimposed by the outer, larger planar graphene-like tubes.

The band structure

obtained from individual multi-wall nanotube resembles that of graphite. Experiments
indicated that the pentagonal defects present at the tip could induce metallic character by
introducing sharp resonances in the local DOS near the Fermi level45

Similar

metallization of the nanotubes is also found to occur through substitutional doping of
impurities such as boron and nitrogen into nanotube lattice.46 Table I shows some
properties of carbon nanotubes.32,42

Table I. Properties of carbon nanotubes.
Hybridization
sp2

Bond
Inter-layer
Length, A distance, A
1.44 (C=C)

3.4

p of metallic
p of seminanotubes, Qcm nanotubes, Qcm
~ 10'4-10'3

~ 10

Elastic
modules, TPa
~1

3.2 Synthesis of carbon nanotube
Carbon nanotube was first experimentally identified in 1993 using the d.c. arc
evaporation method developed by Sumio lijima . 3 6 There are mainly three methods to
36 47 52

synthesize the carbon nanotubes: carbon arc synthesis, ’ ~

laser vaporization

synthesis53,54 and chemical vapor growth.
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3.2.1 Carbon arc synthesis
In Ejima’s pioneering work, multi-wall carbon nanotubes (Fig. 2.8), ranging from 4
to 30 nm in diameter and up to 1 pm in length were grown on the negative end of the
carbon electrode used in the d.c. arc-discharge evaporation of carbon in an argon filled
chamber at 100 Torr. Nanotube appeared to grow plentifully only on certain regions of
the electrode.
Typically, carbon rod electrodes are 5-20 mm in diameter and separate by ~ 1mm
distance with a voltage of 20-25 V across the electrodes and a dc electric current of 50120 A flowing between the electrodes. Argon or Helium gases are frequently used for
cooling. Once the arc is in operation, a carbon deposit forms on the negative electrode.
For the multi-wall carbon nanotube synthesis, no catalyst is necessary and the nanotubes
are found in boundless in the inner region of the cathode deposit, where the temperature
is a maximum (2500-3000 °C). Catalysts used to prepare isolated single wall carbon
nanotubes include transition metals such as Co, Ni, Fe and rare earths such as Y and Gd,
while mixed catalysts such as Fe/Ni, Co/Ni and Co/Pt have been used to synthesize ropes
of single-wall nanotubes. The average single-wall nanotube diameter is usually small (<
1.5 nm), and the diameter distribution is usually narrow.

3.2.2 Laser vaporization synthesis
An efficient rout to generate nanotubes, especially single-wall nanotubes, is laser
assisted thermal vaporization of the carbon-catalyst mixture. In the work by Thess and
co-workers,

nanotubes were prepared by laser vaporization of graphite rods doped with
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the mixture of Co and Ni powder at 1200 °C in flowing argon at 500 Torr.

Two

sequenced laser pulses were used to provide more uniform vaporization of the target.
Single wall nanotube ropes were formed with yields of 70-90% compared to the yield of
50-60% for single laser processing, as shown in Fig. 3.6. The nanotubes were believed
to be zero-helicity armchair (10, 10) tubes with diameters of 13.8 ± 0.2 A by XRD
analysis, while the theoretical value is 13.56 A corresponding to C-C bond length of 1.44

A

for carbon nanotubes.

The formation of 2D crystalline ropes of SWNTs can be

understood as a result of collision between growing tubelets in the gas phase, while they
are still short enough to align by van der Waals forces without becoming tangled. The
van der Waals gap between tubes is 3.15

A, about the same as in solid C60 and 0.3 A less

than the turbostratic limit for graphite.
Multi-wall nanotubes require no catalyst for their growth, whereas catalyst species
are necessary for the growth of the single-wall nanotubes, and more than one catalytic
species seems to be necessary to grow ropes of single-wall nanotubes.32

Fig. 3.6. Single wall nanotube rope made up of ~ 100 tubes, (a). SEM shows
uniform diameter and triangular packing of tubes, (b). Side view of a rope.
Scale bar: 20nm.
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3.2.3 Chemical Vapor Deposition (CVD) Growth
A more process controllable method for the synthesis of carbon nanotubes is the
chemical vapor deposition.55-59 In the CVD process, the mixture of hydrocarbon gas and
carrier gas is introduced through a thermal vacuum chamber with a wide range of
1
9
pressure of 10" to 10 Torr. Normally the temperature is above 600 °C, under which the
hydrocarbon molecule decomposes and carbon atoms form nanotubes upon the substrate.
For most of the CVD synthesis, a transition metal (Ni, Fe, Co, et al.) or metal compound
(like Nickel alloy) film is deposited on the substrate serving as catalyst for the
decomposing of hydrocarbon molecule and the forming of the nanotubes.

Growth mechanism
The growth mechanism of nanotube is still an open question. One problem is that
the nanotube growth conditions are too chaotic to deduce any meaningful relationship
with growth models. One model of the CNT growth by thermal CVD proposed by Baker
et al.60 is based on the remarkable relation of the directly measured activation energies
for the growth of the fibrils with those for the diffusion of carbon through the
corresponding metals. The model describes the formation in four stages,61 as shown in
Fig. 3.7:
1. Hydrocarbon molecules are adsorbed at the surfaces of small metal aggregates.
Metal surfaces have different catalytic activity.
2. The active metal surfaces crack the carbon-hydrogen bonds. The carbon diffuses
into the bulk material.

For unsaturated hydrocarbons this process is highly

exothermic, leading to a heating of the active sides.
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3. When the saturation limit for carbon at the cooler surfaces of the particle is reached,
the carbon is precipitated from the metal surface, which is an endothermic process.
The resulting temperature gradient from the active surface to other sides within the
particle is the driving force for the carbon diffusion through the particle. The rather
slow diffusion determines the overall reaction rate.

To avoid energetically

unfavorable dangling bonds a carbon tube with a closed cap is formed.
4. In the hot environment the acetylene also reacts with itself to form larger molecules,
which condense at the surface of the tubes and particles. If this excess carbon does
not diffuse rapidly enough into the metal particles, the metal particles become
completely encapsulated, thus stopping further growth.
The smaller the particles are, the faster the growth rate should be. For big particles
the reaction should be slow due to the long diffusion length and the short reaction times.

hot

hot

hot

-cold

e

Fig. 3.7. Mechanism of multi-wall carbon nanotube growth.

In a nucleation model of carbon nanotube growth, it was postulated that the graphite
layers generated by CVD on the round Ni particles with a diameter of 20-30 nm become
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unstable because the graphite layers have a large curvature.

The stress is considered to

make the graphite-covered Ni particles transform into carbon-nanotube-enclosed Ni bars.
Round Ni particles having the optimum diameter for carbon nanotube formation could be
obtained by heat treatment of the 5-7 nm Ni film at 700 °C. Figure 3.8(a) shows the
round Ni particles after the heat treatment with diameter of around 30 nm. The fact
nanotubes could be synthesized under both 700 °C (Fig. 3.8 (b)) and 600 °C (Fig. 3.8 (c))
means that the size of the round Ni particles is a decisive factor in carbon nanotube
formation by CVD.

(S.jf 1 t Q O r r / t

Fig. 3.8. Formation of Ni particles and nanotubes grown out of these particles, a) Round
particles obtained by 700 °C treatment, b) Synthesized at 700 °C. c) Synthesized at 600 °C.

Joumet et al.63 believed that temperature and temperature gradients in space and
time play an important role. Typically, the amount of carbon deposit increases with the
temperature, reaction time and hydrocarbon flow.

Catalysts: single metal or metal mixture
For most of the carbon nanotube CVD synthesis, single metals, like Ni, Fe or Co,
were selected to serve as catalyst. The investigation by Konya and co-workers64 shown
that an interesting new feature appears in the case of the metal mixture containing
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catalysts. Under 700 °C, nanotube growth rates on CoFe mixed catalysts are higher than
those on by the decomposition of acetylene.

The high activity and selectivity of

producing MWNTs on metal mixtures containing catalysts may indicate the presence of a
new reaction center or a modified nanotube formation mechanism.

Reaction gases
Various hydrocarbon source gases have been used in the CVD process, and
acetylene, ethylene and methane are the most frequently selected. Higher CNT growth
rates were acquired out of acetylene comparing with growth rates from ethylene under
600 °C and 700 °C.64 Processes using methane are normally carried out under higher
temperature of around 900 °C.65
Argon and nitrogen are common carrier gases which flow rates are typical 2-10
times higher than the hydrocarbon gases. Hydrogen or ammonia was select by some
groups, and ammonia also served as catalyst in addition to dilution gas.

<ro

Growth o f aligned nanotubes
The mechanism of growing aligned nanotubes remains unclear.

Chen and co

workers66 grew aligned nanotubes by the dc plasma enhanced hot filament CVD (PE-HFCVD) method out of CH4 /N 2 source gases, and they suggested the dc plasma is the main
reason for the aligned growth of nanotubes. The catalytic particle surface is charged in
the presence of a d.c. discharge plasma and is attracted to the anode. Therefore, the
nanotubes are forced to moved in the direction of electric al field during their growth.
Furthermore, their results shown that the orientation of the aligned nanotubes can be
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controlled by the dc electric field, and only random nanotubes were observed in the
absence of a plasma. Ren and co-workers58 investigation showed that the alignment
starts to worsen drastically when the nanotube diameter is smaller than 20 nm by PE-HFCVD; therefore, the diameter should be larger than 50 nm to acquire good alignment.
Without electrical field applied during the growth, CNT grown by thermal CVD random
oriented.

In contrast, microwave plasma CVD results in an irregular distribution of

nanotubes.67

3.3 Characterization of carbon nanotubes
Physical and chemical properties of carbon nanotubes have been analyzed by various
experimental methods, including X-ray photoelectron spectroscopy (XPS), Raman
Scattering Spectra, X-ray Diffraction (XRD), field emission spectroscopy, and emission
pattern imaging. XPS, Raman Spectra, and XRD are discussed in this section, while the
imaging of the emission pattern will be introduced in the following section as part of the
field emission performance.

3.3.1 XPS spectrum
In the XPS process, electrons excited from the core level of the atom are recorded
in terms of the bonding energy after the sample is hit by the x-ray range excitation
photons. For a carbon atom, the bonding energy is the energy of the Is level relative to
the position of the vacuum level. This energy is especially sensitive to the electric charge
transfer between atoms. The shift of the bonding energy, which is known as the chemical
shift of XPS, depends on the interaction with adjacent atoms.

Because of the small
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overlap of the Is orbitals between adjacent atoms, the XPS spectrum of carbon materials
is sharp and the core level energies lie close to those of an isolated carbon atom.
Measurement by Liu and Zhu showed that the C Is bonding energy of the multi-wall
nanotubes synthesized by thermal CVD is 284.6 eV, which is slightly higher than that of
graphite 284.3 eV, and the peak width is much narrower compared to graphite.

3.3.2 Raman analysis
Raman scattering has been widely used in the investigation of carbon materials like
graphite and carbon nanotubes, for it offers a unique tool to characterize the sample
material depending on the amount of ordering and degree of sp2 and sp3 bonding. Having
the physical dimensions of both large fullerenes (~ nm in diameter) and solid graphite
(~pm in length), the carbon nanotube has unique vibration features.
Figure 3.9 shows the Raman spectra of several carbon solids.69 In Fig. 3.9(a) for
the highly oriented pyrolitic graphite (HOPG), the strong Raman band located at 1580
cm'1 corresponds to the E2 g vibration modes.

The vibration mode for HOPG are

expressed as

r = 2E2g+ E u +A2u+2B2g,

(2-5)

and only the two E2g modes, which have been assigned to the vibrational mode
corresponding to movement in opposite direction of two neighboring atoms in a graphite
sheet, are Raman active. The spectrum in Fig. 3.9(d) exhibits two strong Raman bands
located at 1348 cm '1 and 1584 cm"1 respectively. The band appearing around 1350 cm"1
is explained in terms of the relaxation of the wavevector selection rules resulting from
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finite crystal size effects, which allows the M point phonon to contribute to the Raman
scattering. This indicates the presence of graphitic particles and crystallites of finite size
nanometer order. Furthermore, by combining this results with the second order Raman
measurements, the 1349 cm'1 peak is best assigned to the presence of nanoparticles of
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Fig. 3.9. Raman spectra of four carbon solids.

several nanometers in size. Figure 3.9(b) and (c) show the Raman spectrum for arc
generating nanotube samples, which are inner core and outer shell deposits respectively.
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Strong peaks around 1580 cm'1 support the idea that carbon nanotubes possess nearly
perfect crystalline structures.36 The frequency shift respect to that of HOPG is probably
caused by the curved and closed structure comparing with the HOPG two-dimensional
flat sheet. In the second order Raman spectra, a strong 2687 cm' band, which is believed
to be unique to nanotubes and nanoparticles, is recognized as the overtone of the first
order mode around 1350 cm '1.

3.3.3 XRD patterns
X-ray diffraction patterns of carbon nanotubes are used to determine the crystalline
structure, the impurity phases and the diameter distribution, as well as the structure
variation, after chemical (like etching) and physical (like annealing) treatments. For
SWNT, the dominant peak appears at 20 of about 6° (Q = 4 jrs in 0 //l~ 0.43

A'1) and is

followed by a series of weak peaks, corresponding to the nanotube ropes of triangular
lattice with the lattice constant of 17 A, tube diameters of 1.38 nm and inter-tube distance
of ~ 3.4

A .53

From the XRD

patterns for MWNT, a mean interlayer spacing of 3.38 A is

measured out of a characteristic peak at 20 of about 26°.68,70 In Fig. 3.10, graphite (002)
peak is enlarged greatly after treating the MWNT sample with HC1.

/T O

Generally,

annealing of the nanotubes under vacuum may improve the crystallinity; thus, XRD
pattern exhibits enhanced peaks.

This is mainly caused by the removal of the

nanoparticles from the as-grown materials. Crystallinity is largely destroyed by the acid
(a mixture of sulfuric and nitric acids) for SWNT,71 while the graphite peak surpasses
catalyst peaks after the treatment of the MWNT with concentrated HC1.53
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Fig. 3.10. X-ray diffraction patterns of MWNT sample, a) as prepared,
b) after HC1 treatment.

3.4 Field emission from carbon nanotubes
3.4.1 Emission mechanism
The categorization of carbon nanotubes remains an issue open for debate. Many
-I'J -j'y

authors conclude that carbon nanotubes are metallic emitters. ’ ’

Field emission

spectroscopy measurement of the electron energy distribution for three kinds of
nanotubes by Groning et al.65 are shown in Fig. 3.11. Results suggest that emission
originates from a continuum of states near the Fermi energy.
Bonard et al.74 argued that electrons are not emitted from a metallic continuum, as
in usual metallic emitters, but rather from well defined energy. First, the energy spread
of nanotubes is typically half that of metallic emitters (about 0.2 eV), and the shape of the
energy distribution suggests that the electrons are emitted from narrow energy levels.
Second, the observation of luminescence coupled with the field emission indicates that
several levels participate in the field emission. They conclude that the greatest part of
electrons comes from occupied states close below the Fermi level. The position of these
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levels with respect to the Fermi level, together with the tube radius, would be the major
factor that determines the field emission performance. Fermi level depends primly on the
tip geometry, i.e., tube chirality, tube diameter and defects.75

■

Arc Discharge I

+
♦

Arc Discharge II
Cat. Growth

0.0
Energy re!, to Fermi level [eV]

0.5

Fig. 3.11. Electron energy distribution for three kinds of nanotubes.

In order to investigate the electron emission sites of nanotubes, Chen and co
workers66 investigated the field emission of nanotubes oriented in different directions
from the substrates and found that the sample with parallel oriented nanotubes had lowest
onset electric field. This means that much of the emission results from the bodies of the
CNTs, which may be due to the defects on the outer wall. The results indicated that the
emission of the electrons could be from both tip and body of the nanotube. Simulations
show that the local density of states (DOS) at the tube tip is at least 30 times higher that
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in the cylindrical part of the tube.74

The body of the multi-wall nanotube behaves

essentially as graphite, which means that the DOS at the Fermi level is only on the order
of 5 x l0 18 cm'3 and is three orders of magnitude lower that that for a metal. Thus, the
high value of the localized DOS at the tip determines that field emission current
decisively. After overlying CNT with 5 nm Au film, no current was detected at bias up
to 1000 V from the gold patterned samples that previously had emitted.76

This may

reveal that the emission electrons are mainly from the tube defects.

3.4.2 Characterization by Fowler-Nordheim theory
As other field emission materials, emission I-V performance could be characterized
by the Fowler-Nordheim equation (1-9) for carbon nanotubes. From the F-N plot, the
emitter work function can be determined if the local field enhancement factor P is known.
The low value of the emission field is mainly due to very high P value that is largely
influenced by the ratio of the nanotube length over the diameter. Inter-tube distance also
plays an important role for the determination of p. Its influence will be discussed later in
detail.

Bonard and co-workers52 found that p is between 2500 and 10000 and is

significantly higher for single-wall than for multi-wall nanotubes. Other groups showed
lower P values from about 400 to 1300. Besides the emitter surface morphology, P is
also determined by the factors like voltage and the distance between the emitter and the
anode. A plot of In (TV2) versus 1/V will result in a straight line with slope -b, then
analysis of the slope could reveal the information about the surface work function.
Electrons generally emit from certain sites on the emitter surface, and this is confirmed
by the switching of the emission sites at low currents level, even for the CNT emitter.65
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In the analysis of the surface state change by F-N theory, the relative emission
inhomogeneity of the tip before and after adsorption must be considered. Generally the
contact potential anisotropies are insufficient to alter the relative position of the various
regions, that is, the regions contributing most to emission still are the ones after
adsorption.12 Another factor that influence the p is the emitter shape change because of
the migration of surface atoms during emission,14 it's reasonable to neglect this growth
for short-term emission. After evaluating the effects of emission sites and the variations
of the surface morphology, p is considered as constant with fixed tip-anode. Then b will
reflect the change of the effective work functions.
Nilsson and co-workers77 investigated the influence of the nanotube density on the
emission performance, and found that good emission results appear under moderate
density. Density that either too high or too low is not beneficial for field emission. The
poor emission of high-density film can be explained by electrostatic screening effects
provoked by the proximity of neighboring tubes. The solution of the Poisson equation
governs the behavior of the potential penetration into the CNT deposit. The presence of
many tubes per unit area (u.a.) means that there is more charge per u.a. and that the
charge reduces the potential drop perpendicular into the film. Since the local electric
field (3000-4000 V/pm) at the emission site governs the emission, the distance between
the tubes remains a crucial parameter for optimizing the emission. The limit of zero
distance between the tubes would correspond to a flat metal surface without field
penetration. In this situation, emission only comes from a few tubes that are branching
out of the surface. Low density films also present poor emission. In this case, CNTs are
short, bent and not protruding out of the substrate.

Only very few of them have a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

39
sufficient P factor for an adequate emission. Thus, a film with a medium density of high
aspect ratio tubes shows optimal emission performance.
From the electrostatic calculations of the field penetration between parallel standing
tubes, the equipotential lines, and thus the field enhancement factor p, are strongly
affected as the inter-tube distance is decreased. Inserting p and emitter density into the FN equation yields the current density as a function of the inter-tube distance (Fig. 3.12).
Authors found an optimum inter-tube distance of 2 pm where the emission is strongest.
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Fig. 3.12. Equipotential lines of the electrostate field for CNT by simulation.

Two parameters are useful for comparison of emission performance: one is the turn
on electric field Et0, which is arbitrarily defined as the macroscopic field needed to
produce a current density of 10 pA/cm2 for continuous carbon nanotube surface, and the
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other is the threshold field Ethr, which is the field with current density of 10 mA/crn2.
Typically, carbon nanotube films have Et0 in the range of 1-5 V/pm and Ethr in the range
of 4-10 V/pm.

Current saturation
Carbon nanotubes showed emission current saturation phenomenon from several
groups’ investigations.52, 76, 78, 79 Dean and Chalamala79 suggested that this current
saturation behavior is not an intrinsic property of a clean single wall nanotube and that is
produced by an adsorbate-enhanced tunneling state. These adsorbate states enhance the
emission current by two to three orders of magnitude, after which the changes in the
adsorbate state might lead to a current saturation effect. They observed that the measured
currents from a single emitting nanotube at high voltages are about 102-104 times lower
than the values predicted by the Fowler-Nordheim equation. After cleaning the nanotube
sample to a temperature above 900K, the measured I-V curve showed no sign of current
limitation and fit the F-N equation well. The current limitation is also present in mass
nanotube emitters but is diminished in I-V measurements due to variations in the field
enhancement factors of the constituent nanotubes.

Work function
To analyze emission performance and calculate related parameters, such as field
enhancement factor and emission area, we need to know the emitter effective work
function. Several groups measured the carbon nanotube work function <p. cp is 4.85eV
for MWNT and 3.7 eV for SWNT from photoelectron spectroscopy measurements65.
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Gao et a f ° stated that work function show no significant dependence on diameter of the
nanotubes in range of 14-55 nm for MWNT. Their measurement showed that majority
of the nanotubes (~75%) have a work function of 4.6-4.8 eV at the tip, which is 0.2-0.4
eV lower than that of carbon. A small fraction of the tubes (~ 25%) have a work function
of 5.6 eV.

Reversibility o f V-I curve
In the measurement of the I-V performance, it is worth noting that there always
exists a current stable process after changing voltage to a new value. This process is
mainly due to surface adsorbates. There were consistent current drops after voltage up
steps, while the voltage down sweeps showed the increases in currents over time.79 This
is related to the desorption and adsorption of the adsorbates. In unbaked vacuum system,
the I-V curves showed completely reversible behavior, which means the adsorbates could
rapidly reoccupy enhanced tunneling states.

3 4.3 Field emission stability
MWNT film showed low current degradation rate over long-term operation
compared to SWNT under comparable chamber pressure, and emitted current density.52
This current degradation behavior is primarily caused by ion bombardment; while ions
are produced by the gas phase ionization and ion desorption from electrodes, both are
induced by the emitted electrons. TEM analysis revealed that SWNTs are very sensitive
to electron bombardment, which results in the tube deforming and final rending.
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Crystalline structure influences strongly the position and the DOS of the localized
states; thus, a closed MWNT shows superiority over opened or disordered one.74
MWNT emission characteristics are seriously degraded by the opening of the tip ends.
To obtain low emission field and high emission stability, the nanotubes should be closed,
high crystalline multi-wall emitter tips.
One important performance for the application of nanotube field emitters is the
current stability under various vacuum conditions.

This environmental stability is a

material property that depends on a material’s resistance to oxidation and sputtering.
Investigations showed that for typical wire emitters with radius >1000A, high mass gases
Q1

sputtering sharpen the tip and result in higher current, ’
be dulled by the high mass gases bombardment.

09

while extreme sharp tips could

Light molecule, like He and H 2 ,

normally cause atomic diffusion, which grows nanoscale protrusions on the emitter
surfaces.

The protrusion leads to runaway emission current and finally destroys the

emitter through a vacuum arc. Dean and Chalamala83 researched emission stability after
exposing the single-wall nanotube to different gases. Exposing nanotubes in 10'6 Torr
hydrogen showed no significant effect on the emission stability, while emission degrades
after the exposure of most heavy gases at 10'6 Torr. There is a current increase with brief
water exposure at 10'7 Torr, which is believed to be caused by the reestablishment of the
adsorbate tunneling state. The operation of nanotubes in 10'7 Torr argon shows little
effect, but emission drops significantly when the nanotubes are exposed to oxygen. This
indicates that, instead of the gas sputtering, surface chemical reactions such as a C - 0
dipole cause a reversible current drop in O2 environmental. The reactive ion etching
effect caused by exposing nanotubes to oxygen for longer periods may cause irreversible
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emission decline, which is probably due to the decrease in height of the nanotube, the
opening of the tube cab, the disruption of electronic state or all of these factors. Most
importantly, SWNTs do not exhibit protrusion growth and the associated runaway and
arcing processes that metal emitters do. Authors suggested that sputter-induced diffusion
of carbon atoms down a micron length of nanotube is unfavorable and produces an
insignificant change in field enhancement.

3.4.4 Imaging electron emission
Visualizing the emission process by collecting electrons with a phosphor screen is
useful way to characterize the emission performance. The emission pattern on the screen
reflects directly the emission site and current distribution. Since the tunneling electrons
have very small kinetic energy, they follow the electric force lines, which diverge in first
approximation radially from the emitter surface. Thus, the emission pattern is enlarged
before hitting the screen. There are two types of emission patterns: the first type includes
mainly single spots and elongated and/or circular features without distinctive shapes; the
second type involves some well-defined patterns. Individual patterns of two-fold and
four-fold symmetry were frequently observed, but no three- or five-fold was detected. It
is most probable that the observed patterns are caused solely by spatial variations of the
electronic density, i.e., that they reflect the electronic density of the emitting states at the

Nilsson and co-workers77 found that, under the same voltage and CNT-anode
distance, emission images from either high density or low density MWNT samples are
not uniform and only a few sites appear. For the emission from a medium CNT density
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sample, a much better emission image is obtained and the emission sites is very
homogeneous over the whole CNT surface.
Normally emission was dominated by a comparatively small number (< 100) of
very strong emitting sites, which have higher field enhancement factor

p, spread out over

the entire sample surface.
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SECTION 4
EXPERIMENTAL SET-UPS AND CARBON NANOTUBE
FABRICATIONS
In this work, carbon nanotubes were fabricated by the thermal chemical vapor
deposition (CVD) method. The design of the CVD system and detailed grown processes
are described in this section. Experimental set-ups for the analysis of the growth process,
investigations of field emission performance, studies of electron emission imaging and
mapping tests of emission uniformity are also introduced here. With the exception of the
CNT structural characterization facilities (SEM, TEM, Raman and XRD), all of these
systems were specially designed for this work. Process of making CNT based electron
sources and computer simulation assistant design of CNT ion gauge are presented.
Emission and vacuum performance of the CNT electron source and gauge were tested.

4.1 CVD system and carbon nanotube synthesis
4.1.1 System set-up
The CVD system is build upon a Linderburg quartz furnace, as shown in Fig. 4.1.
Carbon source gas acetylene and carrier gas argon (or nitrogen) are introduced into the
furnace chamber through two MKS 179A gas flow controllers, where the inlet gas
mixture pressure is measured by a Vatian Panel Vac Dual CeramiCel capacitance gauge
of range 10_1-1 0 3 Torr. Vacuum chamber is evacuated by an Edward mechanical pump
with ultimate pressure of 10‘4 Torr. The furnace has three heating zones, and each zone
can be heated up to 1000°C separately.

The final temperature of each zone can be
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detected separately. Temperature readings from the controller don not present the actual
temperature inside the quartz tube because the furnace thermocouples are located outside
the quartz tube.

A thermocouple inside the tube is used to measure the actual

temperature around the samples and monitor the heating process.

Pressure
IT

Flow
View Port

Meter

Flow
Meter

VI

C2H2

Ar

Lindburg 3 Channel
TemperatureController

Edwards

Pump

Fig. 4.1. Thermal CVD system for carbon nanotube growth.

4.1.2 Growth of carbon nanotubes
Carbon nanotubes have been synthesized from various hydrocarbon gases like
acetylene, ethylene and methane. Atomic adsorption (99.6%) acetylene was selected for
our synthesis process, while ultra-pure (99.9993%) argon or nitrogen served as carrier
gas. The ratio of C2 H 2 / Ar (N2 ) ranged from 20/200 seem to 30/200 seem during growth.
In addition to the control of the gases ratio, pumping speed-therefore, the system
pressure, was also adjusted through a throttling V I. Before heating the chamber, the
system was pumped to the level of outgassing rate smaller than 1.0x1 O'4 Torr 1/s. 20
seem gas flow is correspondent to 0.25 Torr 1/s, so the impurity amount is less than 0.04
percent of the acetylene inlet. When starting heating, Ar (N2 ) was introduced into the
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system for two purposes: a) cleaning the substrate surface by high temperature Ar
molecular bombardment and b) heating the system (especially substrates) to required
temperatures in a short period of time. After system reached the setting temperature,
C 2 H 2 was introduced. In post synthesis process, C2 H 2 was first stopped followed by
ending the carrier gas supply.

The system was cooled down in vacuum.

Growth

temperatures were between 650 °C to 800 °C with synthesis time from 10 to 30 minutes.
Carbon nanotubes were grown on various kinds of substrates: Ni gauze, Hastelloy
gauze (wt.% of Ni:Mo:Cr:Fe:W:Co:Mn = 57.5:15.5:15.5:6:3.5:1.5:0.5 approximately), Ni
film on Silicon wafer and Ni film on oxide Silicon wafer, as well as 304 stainless steel
(S.S.) plates.

Ni films were deposited by two techniques: one is the electron beam

deposition of Ni on the Si wafer, and the second is the sputtering coating of Ni film on
either the Si wafer or on the wafer with a oxide layer at the Microelectronic Lab of Old
Dominion University. P-type silicon wafer of resistance 0.01-0.02 QJcm was employed.
All substrates, except Ni-coated Si substrates, were cleaned ultrasonically in an acetone
solution for 10 minutes, and then were dried by the blow of nitrogen gas.

Carbon

nanotubes growth parameters are listed in Table H

T able

II. C V D

grow th parameters for carbon nanotubes.

Substrates

a) Gauze: H astelloy, N ick el, Nickel-chrom ium .
b) M etal plate: 304 Stainless Steel.
c) N i film on Si wafer: N i / Si (E-beam ),
N i/S i (Sputtering);

Ni/8i02/Si (Sputtering).

Pre-cleaning

U ltrasonic cleaning w ith acetone, then dried by

H ydrocarbon gas

C2H 2: 2 0 - 3 0 seem

Carrier gas

A rgon (or Nitrogen): 2 0 0 - 30 0 seem

Temperature / Tim e

6 5 0 - 8 0 0 ° C / 5 ~ 30 min
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4.2 Facilities for CNT structural characterization
In this project, carbon nanotubes were analyzed by various techniques: Scanning
Electron Microscopy (SEM), Tunneling Electron Microscopy (TEM) and Raman
Scattering Spectrum (Raman). Plasma ion etching was also employed to modify the
nanotube structure.

4.2.1 SEM
We used SEM to analyze CNT sample surface morphology, nanotube distribution,
tube shape and diameter. Some substrate surface grain structures were also investigated
by SEM photographs.

The SEM consists of four main components: electron gun,

electromagnetic lenses column that acts on the electron beam, scanning system that scans
the beam over the sample and electron collecting system that converts surface released
electrons, mainly reflected primary electrons, into an image. A Cambridge Stereoscan
200 SEM, which can reach a magnification of 300000, was employed for most of the
photographing.

4.2.2 TEM
TEM technique, which is able to view material structure down to angstrom range, is
a powerful tool for investigating the nanotube structure. For a typical TEM, as shown in
Fig. 4.2, electrons generated in an electron gun pass through the condenser lens, which
converges the electron beams. Then electrons hit the specimen normally in a very small
area (~1 pm2) resulting in transmitted electrons that pass through the image forming lens
system.

The image forming lens system consists of three lenses: an objective lens,
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intermediate lens and a project lens. The final image is formed on a fluorescent screen.
Electron focusing is acquired by adjusting the objective lens, whereas magnification is
changed by the intermediate lens. The TEM system is operated under a vacuum of 10'5
Torr or better. A poor vacuum may cause higher tension electrical discharge, specimen
contamination, contrast reduction or damage to the specimen itself.

Illum inating sou rce {electron gu n )

C on d en ser len s

Specimen
O bjective lens
O bjective lens aperture

F ield lim iting aperture

In term ed iate lens

P rojector lens

F luorescent screen

Fig. 4.2.

Operation principle o f TEM.

A JEM-100 CX TEM was employed in our research. It uses a four-stage image
forming lens system containing a two-stage intermediate lenses. The resolution is 1.4
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for lattice and 3

A for point to point.

The magnification for standard specimen cartridge

is 103 to 8.5x10s in 23 steps.

4.2.3 Raman
Raman spectrometry analyzes the material structure by providing information
about the vibrational energy levels of molecules. Nanotube crystalline information, such
as the contents of highly oriented pyrolytic graphite (HOPG), disorder graphite as well as
nanoparticles, was investigated by Raman technique.

The monochromatic radiation

source, such as a laser, is focused onto the sample. The radiation scattered by the sample
includes radiation at the incident frequency (the Rayleigh line), as well as other lines of
higher and lower frequency (Raman lines). The frequency shifts of the Raman lines from
the Rayleigh lines correspond to the vibrational energies associated with excited states of
the sample molecule. Nanotube crystalline information, such as the contents of highly
oriented pyrolitic graphite and disorder graphite, as well as nanoparticles, is investigated
by the Raman technique.
A Bio-Rad 091-0797 FT Raman Spectrometer was used in this work. The standard
laser is a diode-pumped Nd:TAG laser rated at 2 W CW output at 1.064 pm. The power
supply is connected to the laser head by a fiber optic cable to supply the excitation light.
The Spectrometer uses a He-Ne reference laser operating at 632.8 nm with maximum
output of 5 mW. A Germanium Detector that has extremely low-noise performance in
the near-M region collects Raman signal. The detector and associated electronics are
both cooled with liquid nitrogen.
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4.2.4 AFM
Atomic Force Microscopy (AFM) is a powerful tool to analyze the surface profile
of microstructure. A sharp tip attached to the end of a cantilever is scanned across a
surface while monitoring the change in cantilever deflection with a split photodiode
detector. AFM can work in contact, tapping and no-contact modes. With contact mode,
AFM can obtain “atomic resolution” images, while the lateral resolution from tapping
mode is about lnm to 5 nm. In this work, we employed a Digital Instruments, Inc.
Dimension 3100 Scanning Probe Microscopy for the AFM analysis of the nanotube
surface morphology. Nanotube samples were detached from the substrate, and then were
purified ultrasonically in the ethanol solution. Then single nanotube sample was scanned
in the AFM tapping mode.

4.3 Field emission measurement setups
4.3.1 Set-ups for field emission tests
Figure 4.3 shows the schematic set-up of the vacuum system for the field emission
performance test.

Samples were placed inside a high vacuum through an electric

feedthrough. A Varian Turbo V250 high vacuum pumping system with base pressure of
1.5xlO'10 Torr evacuates the chamber. A SRS residual gas analyzer and a Varian UHV24P gauge monitored system partial and total pressures. Various gas sources (e.g., air,
N 2 , H2 ) could be introduced into the system through a gas inlet manifold.

Design fo r the electron source degassing measurement
As shown in Fig. 4.3, the high vacuum chamber is also designed to measure the
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Fig. 4 .3 . H igh vacuum system for em issio n perform ance measurements.

degas rate of the electron source. In this test, sample is placed into the test chamber
(above orifice). To measure the extremely small pressure variation caused by low outgas
rate of field emission cathodes, surface areas of the test chamber and pump chamber
(bellow orifice) should be as small as possible. In our design, the orifice diameter is
5mm, which corresponds to a pumping speed 2.3 1/s for molecular flow state under 20 °C.
The outgas rate of the test chamber is about 2.8xlO"10 Torr 1/s by adding the outgases
from S.S. wall and extractor gauge (EG) together. In the absence of the tested sample,
pressure inside the test chamber is 1.2xlO'10 Torr. For a sample outgas rate of 5xl0"n
Torr 1/s, the pressure increase is 2.2xl0‘n Torr, which could be measured by the EG.
Thus, the system is expected to measure outgas rates of down to 5xl040 Torr 1/s or even
lower.
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Circuit for the emission test
A 205A-03R BERTAN High Voltage Power Supply through a voltage distribution
circuit, as shown in Fig. 4.4, powered field emission. A ballast resistor R, which could be
100 K, 1 M or 10 M, is in series connection with the cathode to avoid the current surge
that may hurt the emitter. Two Keithley digital multi-meters (Model 617 and 197) and a
Radio Shack LCD digital multi-meter were used to for the emission current collection.
Data is collected by the computer via the GPEB interface with the Keithley multi-meter
and RS232 interface with the Radio Shack multi-meter.
The nanotube sample was mounted on a lead while the silicon wafer that sat on top
o f electrical pins collected the current. Silver epoxy was used to glue the nanotube
sample and silicon collector to the lead electrically. In order to control the distance

Feedthroi

PC Data

C N T samj

A cquisition

Gate Spac
Gate
A node

H igh V acuum S ystem

Fig. 4.4. F ield em ission m easurem ent setup.
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between the nanotube sample and the collector, sometimes a piece of silicon wafer was
inserted between the nanotube sample and the lead surface. The distance between the
cathode emitter and the anode collector was measured by an electric microscopy.

Measurement conditions
There were two categories of tests in our research: the investigation of normal
emission performance that is acquired under high vacuum for clean surface, and the study
of the emission behavior under various vacuum or operation conditions. In first category
of measurements, the vacuum system and the sample were baked to higher than 100 °C to
degas sample surface and the system pressure was normally lower than 5xlQ"8 Torr
before taking data.

Emission I-V curves and stability I-t behavior were investigated

intensively. In the current-voltage measurements, typical the current data were recorded
two minutes after raising the voltages.

Two useful parameters for the comparison

between samples are the tum-on field Et0 of 10 pA/cm2 and the threshold field Ethr of 10
mA/cm2.

4.3.2 Emission imaging monitoring
The power circuit for emission imaging was the same as that shown in Fig. 4.5.
Instead of collecting electrons with a piece of silicon wafer, a ZnS phosphor screen
served as the anode collector. Electrons hitting the ITO surface may generate visual light
with minimum power density of 5xl0~5 W/cm2. The emission imaging or imaging
process was taped by a Kodak MDS 100 CCD camera, the image resolution of which is
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640x480 pixels, and recorded by the computer through USB interface. Figure 4.5 shows
the setup.

USB
Interface

Phosphor

ITO film \

RS232

Spacer
/ CNT sample

Emitter support

< 2 > -i

Multimeter

Power supply

CCD camera

Electrical feedthrough

Quarts window
High V acuum System

Fig. 4.5. Setup for em ission im aging.

In this investigation, CNT sample was grown on Hastelloy substrate, which has area
of 4x4 mm2. Phosphor screen is about 12.5 mm in diameter. The distance between CNT
and screen was about 200 pm. Six groups of tests were conducted in 13 days under the
vacuum of 3xlO’10-5xlO '10 Torr.

4.3.3 Emission mapping test
To investigate the emission uniformity over the emitter surface in the order of
micrometer, I-V performance was tested by the mapping method. As shown in Fig. 4.6,
the core device is a McAllister XYZ micromanipulator with resolution of 0.1 pm and
travel of 2.5 mm in all three directions. The test chamber was connected to the main high
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vacuum system through a bellow to minimize the manipulator vibration caused by the
pump operation.

Multimel

XYZMicn
Manipulate

Power
Supply

PC Data
Acquisition

W tip
CNT sample
Bellow
High Vacuum System

Fig. 4.6. Setup for em ission m apping test.

To measure the distance between the tip apex and the sample surface, the tip was
brought to contact with the surface very gently, and the position was recorded from the
manipulator scale before moving the tip away from the surface. The W tip was then
adjusted with a small displacement (~1 jam) in X or Y direction to avoid measuring the
emission from the contact spot where the nanotube surface shape could be deformed by
the contact force.

4.3.4 LabView data acquisition
Multi electron currents were measured in various measurement setups: nanotube
cathode and anode currents in diode structures; nanotube cathode, gate and collector
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anode currents for electron source investigations; cathode, gate, anode and ion currents in
CNT ion gauge applications.

In order to measure multi current values accurately

simultaneously, LabView, which is a graphical programming language designated for
scientific instrumentation, was employed for data acquisition.

Three Keithley digital

electrometers were connected to the host computer series through GPIB (General Purpose
Industrial Bus) interfaces. The LabView VI (virtual instrument) program, which consists
of front panel and diagram parts, conducted tasks of displaying measurement results on
the screen, taking data from electrometers and recording current values to appointed files.
The data is saved so that several groups of data could be outputted to Excel directly.
Figure 4.7 shows the front panel of the VI for the test of CNT emission
performance. The emission voltage is applied to the CNT sample through the front panel
window, which avoids the potential danger by operating the high voltage supply directly.
The front panel shows the anode current, current stability, as well as the system pressure.
The user defines the time interval for continuous data acquisition. Data can be saved
through file path dialog windows.
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4.4 Developments and investigation of carbon nanotube electron sources and gauge
After growth, characterization, and emission performance investigation of MWNT
samples, we designed and tested nanotube based electron sources using samples grown
on gauzes and stainless steel plates. With the aid of computer simulation, we developed
carbon nanotube electron source based ion gauge and investigated its vacuum
measurement performance.

4.4.1 Carbon nanotube electron sources
We designed and fabricated carbon nanotube based electron sources using nanotube
samples grown in our system. Field emission and vacuum characteristics of electron
sources was investigated. Emission performance includes the emission field, electron
transmission rate over the gate grid and emission stability.

Vacuum related

characteristics are mainly gas desorption rates and pressure rise induced by the electron
emission as well as components of desorption gases. Residual gas analyzer (RGA) is
employed for the gas component analysis.

4.4.2 Computer simulation of gauge design
In the design of field emitter based ion gauge, computer simulation was applied in
the design of the ionization structure and optimization of the electrode potentials in order
to achieve both high ionization proficiency and ion collection efficiency. We selected
Simion 3D Ion Modeling software which models ion optics problem with 2D
symmetrical and / or 3D asymmetrical electrostatic and / or magnetic potential arrays.
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The ionization structure was constructed upon the extractor-type base model.
Extractor-type structure has low ESD ions collection rate, which is particular important
for UHV/XHV applications.

Of

Sensitivity, which normally is expressed as

S = T l( F P ) ,
where V and I

(4.1)

are ion current and electron current respectively, could be selected to

judge the source performance in the simulation.

For the extractor-type ionization

structure, sensitivity could be calculated by comparison with Extractor Gauge (EG):
(4-2)
where L is the effective electron path length which is proportional to ion current, SEG
and Leg are corresponding to Extractor gauge.
Effective electron path length (EEPL) is calculated by identifying the electron
trajectory that falls into effective ionization space. Effective ionization space is defined
as the space in which electrons of energy higher than ionization threshold could be
collected by the ion collector. The initial energy of electrons after leaving the emitter
surface is assumed to be 0 eV because experimental values are around zero.65,75,84
Simulation modeled a flat circular field emission emitter of 1 cm in diameter.
Considering the large field emitter size comparing with normal hot cathodes, we mainly
simulated two types of ionization structures. Electron source is arranged above the top of
the anode grid in first type of structure and is on the side of the anode grid cylinder in
second type.
The simulation procedures are:
a) Find the ionization space inside the anode grid.
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b) Distinguish the effective ionization space where ions could be collected by the
collector.
c) Calculate the effective electron path length (EEPL) by identifying the part of the
electron trajectory which falls into the effective ionization space. Anode transparency,
which is electron transmitting capability through the anode grid, is taken into account in
this step.
d) Estimate the sensitivity by comparing the EEPL with that of EG.
e) Simulate the collection rate of the ESD ions which go to the ion collector.
f) Optimize the structure and the electrode potentials by evaluating the sensitivity
and the ESD ions collection rate.
Following electrode potential values were adapted in the simulation: emitter -100V,
anode - 220 V, reflector - 220 V, ion collector - 0 V.
Finally, we constructed carbon nanotube source based ion gauge based on the
simulation. The pressure measurement performance, including current stability, gauge
sensitivity and linearity, was investigated in pressure range of 10"6 to 10‘u Torr. The
gauge equipped with a CNT source which was made from a carbon nanotube sample
grown on Hastelloy substrate.

In the measurement, emission current from the CNT

surface, electron currents collected by the source gate and the gauge anode, as well as the
ion current reaching the collector were recorded through LabView data acquisition
program. Reference pressure was monitored from a 520 Extractor gauge. The linear
relationship between the ion current and the system pressure was measured.
sensitivity S was calculated by the following formula:
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5

= (r - 1; ) /[ ( /- - 1 ; x p - p j l

where 7+ and

(4.3)

are ion current and anode electron current respectively, P is the

reference pressure, subscript 0 presents the background value.
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SECTION 5
CHARACTERIZATIONS OF CARBON NANOTUBES

After growth, CNT samples were characterized by field emission, electron emission
imaging, Raman scattering spectra, Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM), and Atomic Force Microscopy (AFM).
results and discussions are presented in this section.

Experimental

Studies reveal that the carbon

nanotube is the most promising candidate as the vacuum microelectronic field emission
source.

5.1 Characterization of carbon nanotube structure
5.1.1 SEM analysis of nanotube growths
Figure 5.1 shows SEM pictures of carbon nanotubes grown on four different
substrates. CNT samples on Ni and Hastelloy gauze substrates were synthesized under
identical conditions:

of 30/200 seem, 730 °C, and 10 minutes. Diameters of

nanotubes on Ni substrates (20-50 nm) are smaller than those on the Hastelloy substrates
(60-120 nm). Nitrogen served as the carrier gas in the growth of nanotubes on 304
stainless steel (S.S.) and Ni/SiCVSi substrates. Nanotubes on the S.S. are in the range of
80-120 nm, while tube diameters are as high as 200-300 nm for samples on Ni/SiO^Si
substrates. Nanotubes grown on bulk metal substrates (Hastelloy, Ni and stainless steel)
are longer than on Si wafer and can be over 5 pm in length.

The most prominent

advantages in growing on Ni or Hastelloy gauze is that nanotubes adhere to the substrates
very strongly; thus, it is hard to peel them off with tweezers. The strong
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(c)

48BH0

(d)

Fig. 5.1. SEM photography of carbon nanotubes grown on various substrates,
a) On Ni mesh, 725 °C, CzH^Ar = 30:200 seem, b) On Hastelloy mesh, 725 °C,
C2H2:Ar = 30:200 seem, c) On 304 stainless steel plate, 650 °C, C2H2:N2 = 30:200 seem,
d) On Ni(sputtering)/Si substrate, 720 °C, C2H2:N2 = 30:200 seem.

adhesion is probably because nanotubes also grow into the Ni substrate in addition to
lifting Ni nano-particles out to form top caps. Instead, nanotubes on Si wafer can easily
be removed from the surface.
It is easier to grow nanotubes on Hastelloy gauze than on the two other bulk metal
substrates-Ni gauze and stainless steel plate. We successfully synthesized nanotubes on
Hastelloy in a temperature range of 650-780 °C and from source gases C2 H 2 /AT and
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C2 H 2 /N 2 . For growths on Ni gauze and stainless steel plate, reproducible nanotube
samples were acquired by using C2 H 2/N 2 mixture instead of C2 H2 /AJ under temperatures
720-750 °C. We suggest that the metal mixture catalyst is beneficial for the nanotube
growth. Hastelloy is a composite material that consists of seven metals: Ni, Mo, Cr, Fe,
W, Co, and Mn. Konya and co-workers64 confirmed that the nanotube growth rate on
CoFe mixture is higher than on either single Co or single Fe catalysts. SEM photography
showed the surface difference between metal mixture and single metal in Fig. 5.2.
Hastelloy and stainless steel show clearly surface grains with closed dimensions of 2-5
pm, but there is no evident grain structure on Ni gauze surface. We believe the surface
grain structure is a positive factor for the nanotube growth, which plays a similar role as
the Ni islands formed on the silicon surface after heat treatment of the Ni film.62 The
closeness of the grain sizes for Hastelloy and stainless steel probably accounts for the
similarity of nanotube dimensions on both substrates.
When varying temperature, we synthesized different nanotubes on Ni substrates.
Figure 5.3 shows the SEM photos of growth results under temperatures of 720 °C and
650°C respectively.

Other parameters were kept constant.

Nanotubes distributed

uniformly on the surface with tube diameters of far less than 1 pm at 720 °C. There are
two remarkable characteristics after lowering the temperature to 650 °C.

At first,

“nanotubes” only grown from the cross areas of wires. Secondly, the “nanotubes” are
more like solid fibers instead of hollow tubes with diameters of approximately 1 pm.
However, some groups did synthesize nanotubes successfully under temperatures around
600 °C.64 Therefore, temperature is not the only factor that controls the outcome of the
growth.
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Fig. 5.2. Surface morphologies of three bulk metal substrates by SEM.
a) Ni gauze surface, b) Hastelloy gauze surface, c) 304 Stainless steel surface.

Fig. 5.3. SEM photography of carbon nanotubes grown under different temperatures
on Ni gauze, a) 720 °C, C2H2:N2=30/200 seem, b) 720 °C, C2H2:N2=30/200 seem,
c) 650 °C, C2H2:N2=30/200 seem, d) 650 °C, C2H2:N2=30/200 seem.
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5.1.2 Structure investigations by TEM, AFM, Raman and XRD techniques

TEM analysis
Nanotube structures were analyzed using TEM technique. Figure 5.4 shows two
TEM photos, the first picture of which is from the MWNT samples on the Hastelloy
substrate and second of which is from samples grown on the Ni substrate.

For the

MWNTs on Hastelloy, there are large catalyst caps whose diameters are bigger than the
tube’s, out of curved tubes.

This structure confirms the CVD nanotube growth

mechanism mentioned above. Some part of the tubes is filled with catalyst (black inside),
whereas the other part is hollow inside. It seems that in our process the metal catalyst can
be much larger than the tube diameter on the substrate. MWNTs on the Ni substrate are
different from those on the Hastelloy. Nanotubes on the Ni substrate are hollow with
much smaller diameters (~ 25 nm) compared to those on Hastelloy. Some tubes grow out
of the substrate spirally. Che et al.s6 observed similar spiral nanotubes from the CVD
growth. We found different types of nanotubes depending on substrates and growth
conditions: catalyst capped, opened, catalyst filled and hollow.

Nanotubes in our

research mainly serve as field emitters, so it is not necessary to grow straight tubes. We
believe bent tubes may be beneficial to reach high emission current under low field
because there are more emission sites due to large tube body exposure comparing to
straight tubes.

The bending of the growth axis of the nanotubes is related to the

introduction of a heptagonal defect at the bend location.32 Chen et al.66 showed that
many of the emission results from the bodies of the nanotubes, which may be due to the
defects on the outer wall.
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(a)

(b)

Fig. 5.4. TEM images of MWNTs. Nanotube growth: 725 °C, C2H2:Ar=30:200 seem,
a) MWNTs on Hastelloy substrate, 125 nm/Div. b) MWNTs on Ni substrate, 150 nm/Div
AFM photography
Atomic Force Microscopy is able to image nanostructure stereoscopically.

A

MTNW grown on Hastelloy substrate was scanned by the AFM, as shown in Fig. 5.5.
We observed the joint of two tubes of diameters ~ 110 nm. According to the growth

Fig. 5.5. Atomic Force Microscopy image of carbon nanotubes grown
on Hastelloy substrate. Nanotube growth: 725 °C, C2H2:Ar=30:200 seem.
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model by Baker et ah,60 nanotubes grow from the tube bottom, which interacts with the
substrate. Thus, we suggest that one tube (left) is grown initially. In the middle of the
growth, another tube (right) is grown out off the top catalyst particle as the result of the
catalyst split. We observed more joint tubes on Hastelloy than on Ni, which may reveal
that Hastelloy is easily split into parts to form nanotubes.

Raman spectra
Figure 5.6 shows the Raman spectra for MWNT grown on Hastelloy substrate.
1

-

1

1

Two dominated peaks are in 1272 cm" and 1585 cm" . The 1585 cm' peak is believed to
be from HOPG with nearly perfect crystalline structures, 36 whereas the strong 1272 cm' 1
signal is considered the disorder graphite peak. Combining the Raman spectra with the
TEM photo, we suggest that the high catalyst content in nanotubes causes the high 1272
cm'1 signal.

Fig. 5.6. Raman spectra of MWNT samples.
Nanotube growth: 725 °C, C2H2:Ar=30:200 seem.
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5.2 Field emission performance
Field emission related performance, including current-voltage (I-V) performance,
emission stability, surface adsorption related behaviors and tube deformation under high
fields, was intensively investigated in this research.

5.2.1 Emission current vs. voltage (or electric field)
Emission current-field (I-F) performance
Figure 5.7 shows the field emission current vs. electric field performances for
MWNT samples on Ni gauze, Hastelloy gauze and stainless steel substrates. The turn-on
field Eto is about 1.0 V/pm, 1.2 V/pm and 1.48 V/pm, and the threshold field is 2 V/pm
(Ni), 3.3 V/pm (Hastelloy) and 3.6 V/pm (S.S.) for nanotube samples grown on the Ni
substrate, Hastelloy substrate and stainless steel substrate respectively.

Error bars

represent the data range for a group of CNT emitters made under same process
conditions. Emission from nanotubes on Ni substrate shows lowest electric fields, which
is most probably due to the small tube diameter and high density of emission spots.
Table IH lists some main emission parameters of our samples and other reported results
for related emitters. MWNT emitters present better emission performance than diamond
film emitter. Emission fields from CVD samples are even lower than those of some laser
or arc nanotube emitters. Turn-on and threshold fields of nanotubes grown on the Ni
substrate are among the best level of reported data.
Field enhancement factors are also calculated for above three samples according to
equation (2-15). Work function value of 4.8 eV was selected for MWNT samples65,80
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Fig. 5.7. Field emission current - field performance of different MWNT samples,
a) MWNT samples on Ni substrates. Three samples made in three batches were tested.
Nanotube growth: 725 °C, C2H2:Ar=30:200 seem, 10 minutes, b) MWNT samples
on Hastelloy substrates. Seven samples made in four batches were tested. Nanotube
growth: 725 °C, C2H2:Ar=30:200 seem, 10 minutes, c) MWNT samples on stainless
steel substrates. Four samples made in two batches were tested. Nanotube growth:
650 °C, C2H2:N2=30:200 seem, 30 minutes.
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Table EH. Field emission performance of various field emitters.

Ref.

emitters

Et0 ( 10pA/cm2)

Ethr (10 mA/cm2)

This work

MWNT (CVD, Ni)

0 .8 - 1.2

-2

This work

MWNT (CVD, Hastelloy)

1 .2 - 1.8

- 3 .3

This work

MWNT (CVD, Stainless Steel)

1.5-2.1

- 3 .6

78

MWNT (CVD, Fe/Si or glass)

4.8

87

MWNT (CVD, Fe/Silica)

0.6-1

52

SWNT (Arc)

2.6

54

SWNT (laser)

88

diamond film

6.5
2-2.7
4.6
4-7

1.5

»

8

in the calculation. Nanotube emitters on stainless steel possess highest (3 value of ~ 6900,
followed by the value of ~ 4900 for nanotubes on the Hastelloy. p of the emitters on the
Ni substrate is about 3700. Our p calculation values are consistent with Bonard and co
workers’ results,52 which showed values between 2500 and 10000.

The high

enhancement value for nanotubes on the stainless steel is mainly caused by the extremely
long tube length, because P is largely influenced by the ratio of the nanotube length over
the diameter.
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Reproducibility o f emission performance fo r identical and different samples
To apply nanotube emitters practically, it is important to fabricate samples with
reproducible emission performance.

We tested the emission current-voltage (I-V)

performance of the same sample for emitters on the Hastelloy and the stainless steel
substrates under multiple running cycles. All samples presented good reproducibility
after an initial surface cleaning process. Figure 5.8 shows seven I-V curves tested in a
week for a Hastelloy sample. As discussed in the following section, normally there is a
degassing process for the emitter surface adsorbents or contaminations in the low
emission current range. Thus, I-V curves show decentralized data below 5 pA. For
emission above 5 pA, nanotubes emit electrons in the intrinsic state, in which the
emission is not influenced by the surface adsorbents, and then I-V curves are consistent
with the divergence smaller than 3%.
St
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F ig. 5.8. M ultiple I-V tests o f M W N T emitters grown on H astelloy.

Nanotube growth: 710 °C, C2H2:Ar=30:200 seem, 10 minutes.
Sam ple area: 15.8 m m2, nanotube - gate distance: 185 pm.
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Emission reproducibility between different samples was also investigated for
emitters on the Hastelloy gauze and the stainless steel substrates. From the tests for
seven samples, which were fabricated under similar conditions on the Hastelloy
substrates, I-V curves diverge largely from sample to sample. We believe the twisted
gauze structure causes the un-reproducible V-I performance between different samples.
Both the circular wire and the cross weaving of wires bring about undulating substrate
surface, which results in large uncertainty of the tube positions when constructing
nanotube surface - gate diode emitters. Meanwhile, electrons only emit from limited
nanotubes. Thus, the V-I data varies in a wide range. Instead, very encouraging results
were acquired from the nanotube samples grown on the stainless steel substrates. Figure
5.9 shows I-V curves for five samples that were made in two batches on S.S. substrates
under same growth conditions.

Totally five batches of samples were tested.

The

emission reproducibility could be < ±7% for samples made in same batch. An emission
reproducibility of about ±10% was achieved for samples made from different batches.
The maximum emission deviation between samples from different batches is about a
factor of 2.

This experiment shows that it is possible to make CNT emitters with

reproducible emission performance between samples made in same or different batches.
The main causes that produced two groups of divided results are not very clear. There
are several possible reasons which are related to the nanotube growth process. At first,
the CVD equipment, which is pumped by an Edward mechanical pump and can only
reach a vacuum of higher than 10'4 Torr, is not a high vacuum system. This may result in
inconsistent vacuum conditions between batches with high wall degassing rates, and
eventually will influence the tube growth. SEM photos show that surface MWNT
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densities for curve one samples are higher than those for curve two samples. Secondly,
the furnace heating system is not able to be
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Fig. 5.9. I-V performance for five samples made in two batches.
Nanotube growth: 650 °C, C2H2 : N2=30:200 seem, 30 minutes.
Sample area: 14.8 mm2, nanotube - gate distance: 100 pm.
controlled effectively. Our thermal couple temperature measurement showed that the
chamber temperatures might have a 10 °C difference between batches, even the
temperature settings were all 700 °C. The nanotube structure is very sensitive to process
conditions like flow rates, pressure, timing, temperature and temperature rising rate.
Because of the limitations of the CVD system, we were not able to grow nanotubes
through accurately controlled automatic processes. Thus, nanotube structures are subject
to change from batch to batch. We will continue to improve this reproducibility by
process control.
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5.2.2 Emission characteristics from F-N analysis
According to the Fowler-Nordheim theory, the slope of the F-N curve reveals
information about emitter surface effective work function. We tried to investigate the
emission performance with the help of F-N analysis. Experiments were conducted for
MWNT samples grown on Hastelloy and stainless steel substrates. Figure 5.10 shows a
group of F-N curves for a MWNT sample grown on the Hastelloy substrate. The vacuum
system was evacuated to 10'8 Torr without baking before the test. The first and second
curves, which represent lower emission fields, are far from the following five curves.
Two possible reasons may have caused these low field emissions: a) electron emission
from some initial spots which may vanish under stable operation, as described later from
the emission imaging investigation, and b) emission enhancement on the water
established CNT surface,83’89 which is the case for the un-baked sample. The drift of the
second curve downward means the increase of the emission fields due to two effects: tube
surface water desorption by Joule heating from emission, and the destruction of some
initial emission spots. The third to seventh curves present very similar performance after
initial operations and can be categorized into three emission regions.
discussed the F-N slope variation behavior.

Some reports

Collins and Zettle90 suggested that the

presence of space charge around the tip reduces the actual electric field and results in
emission saturation, which causes the lower slope of the F-N curves in the high current
range. Murakami et al.91 conjectured that the catalyst particles may play an important
role. We believe that the slope change is mainly caused by the variation of surface
chemical and adsorption states during emission.

Dean and Chalamala

7Q

stated that

surface adsorption causes the larger slope in low emission range from the investigation
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0.0035________ 0.004 ________ 0 0 0 4 5 ________ Q
♦ 1st
Cl 2nd
A 3rd
x 4th, 2 daya after 3rd test
X 5th, 2 days after 4th test
• 6th, after purging nitrogen to 1 ATM and pumping
+ 7 th , after running under -29uA for 3.5 hours

Fig. 5. 10. Emission F-N curves tested in 1(T8Torr vacuum without baking system
for a MWNT sample on Hastelloy substrate. Straight lines are acquired from data
of the seventh curve with emission voltage > 560 V by the least square fitting. Data
error calculated from original test data: ±3%.

for single wall nanotube samples. We suggested that the emission during low current
range is dominated by the surface adsorption state.

In the intermediate range, there

probably is a gas desorption dominated process. In the high emission range, electrons
emit from the clean MWNT surface after the previous desorption process. F-N curves
from different measurement cycles have great consistency in this range. We call three
emission ranges from low to high emission as adsorption dominated regime, intermediate
regime and intrinsic emission regime respectively. The straight line acquired by least
square fitting from data in the intrinsic regime is named as the intrinsic F-N line.
The emission performance was also investigated for the same sample after baking the
system to study further the effects of different surface adsorption states. The system was
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pumped to ~2xl0‘9 Torr by baking the chamber at 150 °C for 23 hours before the
measurements. Figure 5.11 shows F-N and I-V results for four different test cycles.
Comparing with the previous group of tests shown in Fig. 5.10, the first F-N curve
presents highly improved consistency with following curves, which means that the
baking largely reduced the nanotube surface contaminations. After the first emission
cycle, the following three showed repeatable data in high emission range. The second
cycle, which was conducted downward by decreasing the voltage right after first cycle,
showed F-N data closer to the intrinsic value in the adsorption and intermediate regions,
compared to the first cycle. This dramatic improvement occurs primarily because the
emission was tested right after cleaning the nanotube surface by the high emission Joule
heating. Thus, surface contaminations will not be effectively cleaned only by baking the
sample under 150 °C. The deviation of the low emission data of second cycle from the
intrinsic value is mainly the results of the gas-surface reaction during the test. The low
current data of the third curve, which was tested 15 hours after 2nd test, deviated from the
intrinsic line further compared with the second curve. This means that the re-occupation
of the emission sites by the gas physical adsorption after the second emission cycle
caused current increase in the low emission range. The forth cycle, which was tested
after the surface cleaning by six hours of continuous emission under 38 pA current,
presented minimum data deviation from the intrinsic line in the low emission range.
Even the emission behavior was tested after cleaning the surface emission sites by high
emission Joule heating, such as 2nd and 4th cycles, there still existed low emission current
deviations from intrinsic values. Besides the effects of gas re-occupation on the emission
sites (physical adsorption) in low emission and non- emission conditions, there exists an
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electron emission assistant surface reaction process (EASRP). The EASRP is confirmed
by following experiments.
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Figure 5.12 showed the emission current increases under constant emission voltage
due to the surface reactions in the adsorption dominated regime for the same sample.
Test 1 started after the sample surface was “cleaned” by the high emission (37.5 pA)
running for 6 hours. 420 V voltages were applied only in every measurement point for 3
second. This test is to monitor the emission variation due to surface physical adsorptions,
which resulted an average current rate of 3.4x1 O' 5 pA / min in 2490 minutes. Test 2 was
measured also after cleaning the sample by the high emission operation. After applying
the emission voltage of 420 Y on the sample continuously for 900 minutes, current
increased from 0.025 pA to 0.43 pA with an average rising rate of 4.5xl0‘4 pA / min,
which is 13 times higher than that in test 1. Following test 2, test 3 was conducted by the
same measurement mode as test 1 with average emission rising rate of 1.2X10"4 pA /min..

0.7
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Fig. 5.12. Increases o f em ission in the adsorption regim e by surface reactions under
4 2 0 V em ission voltage. T est 1: A p plying voltage only upon m easurem ent, started from
“clean” surface; T est 2, M easured under continuous applying em ission voltage, started
from “clean ” surface; T est 3: A p p lyin g voltage only upon m easurem ent, after T est 1.
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We believe that the high emission rising rate in test 2 was mainly the effect of EASRP.
There also existed EASRP during the measurement periods in test 1. In a simplified
calculation, if the rate of 4.5xlCT4 pA / min in test 2 is employed, the current increase due
to the EASRP is about 2.25xl0~4 pA for a totally 30 seconds period with 10 test points.
This current increase only accounts for 0.37% of the total current rise. Thus, the current
rise in test 1 is mainly caused by the physical adsorption. This investigation revealed that
the EASRP affects the emission performance more serious than physical adsorptions. In
another group of test, we measured the emission behavior after current increase from the
EASRP. The lifted emission started to drop when applying a constant voltage in the
intermediate regime, and then stopped in a value that is still higher than that measured
from a “clean” sample. The emission returned to the intrinsic value after applying a
constant voltage in the intrinsic regime for several hours. This group of measurements
showed that surface contaminations produced in the EASRP desorbed gradually by
several cycles of high emission Joule heating. The high emission performance (mainly
current) deteriorated seriously after this group of tests. This means that the chemical
reactions in the EASRP might permanently damage tube emission sites. Thus, it should
be avoided to operate CNT emitters in the adsorption dominated regime.
Figure 5.13 shows emission F-N and I-V curves for three test cycles which were
conducted with different measurement periods.

In this group of measurements, 10

seconds, 1 minute and 5 minutes emission periods were allowed at every test point (fixed
voltage) for the 1st, 2nd and 3rd cycles respectively. Three cycles followed the same
surface cleaning process of the high emission operation. The longer the test period,
which would cause higher emission increase by the EASRP, the farther the low emission
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F-N data deviated from the intrinsic value. For our samples grown on the Hastelloy
substrates, the surface reactions in the adsorption dominated regime by EASRP lower the
surface effective work function due to the reductions of the F-N slopes.
The possible mechanism of EASRP is that some surface-gas and/or gas-gas
reactions (chemical reaction dominated) occurs under lifted surface temperature due to
the emission Joule heating. When the surface temperature is higher than some value, the
effect of the Joule heating will be degassing surface adsorbents. Then, the emission
enters the intermediate regime. For graphite structures, reactions with gases or vapors
occur preferentially at “active sites”, i.e., the end of the basal planes of the crystal which
are zigzag face {1 0 1 } and the arm-chair face {1 2 1 }, and the defect sites, such as
dislocations, vacancies, and steps. 9 2 Reaction with basal plane surfaces is far slower.
The reason is that the graphite crystal exhibits large differences in surface energy in the
different crystallographic directions; these energies amount to 5 J/m 2 in the prismatic
plane but only 0.11 J/m 2 in the basal plane. Reactivity also generally increases with
increasing temperature.

For instance, above 450 °C, it oxidizes readily with water,

oxygen, some oxides, and other substances. Graphite does not react with hydrogen at
ordinary temperatures. It reacts in the 1000-1500 °C range to form methane (CH4 ). With
nickel catalyst, the reaction begins at approximately 500 °C. Electrons are believed to
emit mainly from the graphite structure tube ends and defects due to high local fields and
high local density of states.66, 74, 7 5 The reaction of the graphite carbon with hydrogen
may play key role for the emission current rise in the adsorption dominated regime,
which is particular important for the operation of the nanotube emitter in high vacuum
conditions where the hydrogen is the major residual gas component. The reduction of the
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reaction temperature between carbon and hydrogen under catalyst suggests that surface
reactions may vary for CNT emitters with different contents of nickel catalyst.
In summary, above experiments show that there are three gas-surface reaction
processes. The first process is the gas re-adsorption after the field emission operation.
The second is the EASRP, which is intended to lower the surface effective work function
in the adsorption dominated regime.

The third one is the surface contamination

desorption EASRP in the intermediate regime.

Emission currents tend to leave the

intrinsic values in the adsorption dominated regime and return to the intrinsic values
during the intermediate regime. Adsorption dominated and intermediate regimes may
merge or even disappear, depending on actual operation modes.

The existence and

behavior of adsorption and intermediate regimes are largely influenced by various
factors, like MWNT structure (capping and catalyst performance), nanotube exposing
history before emission, vacuum condition during emission and the measurement mode.
The appearance and range of the intrinsic regime highly depend on the EASRP and
operation process. The intrinsic regime may never appear if there exist heavy surface
chemical and/or physical reactions.
The experiments for the samples on the stainless steel also showed evident emission
variations in low emission region and great consistence in high emission region. Surface
adsorption has more serious impact on the emission comparing with the samples on the
Hastelloy substrate, which may be due to the nanotube structure difference.
This study suggested that the emission data should be carefully evaluated in the
emission performance investigation.

Some operation factors, like good vacuum, pre

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

84
heating and running the sample, raising the emission to high current range, are crucial in
order to acquire the intrinsic or “true” emission performance.

5.2.3 Emission current stability
For the practical application, current emission stability is especially important.
Figure 5.14 shows current stability tests for nanotube samples grown on stainless steel
and Hastelloy substrates. The current deviation was smaller than 2% in 4500 minutes for
a MWNT sample grown on stainless steel substrate under 3.3 mA/cm2 density. For the
emission from the nanotubes on the Hastelloy, there was no current decline in 1200
minutes with the current drift smaller than 10%. In a 350 hours long-term test for a
MWNT emitter grown on the S.S., the deviation was below 5%.
Above tests were conducted under high vacuum conditions, which are normally
under 10'8 Torr or better pressure. In order to apply the MWNT emitters to vacuum
measurement instruments and other devices, emission stability in a wide pressure range is
especially concerned. In Fig. 5.15, current variation is presented in the pressure range of
10'9-10'6 Torr (air) for a sample grown on Ni substrate. The test started under electric
field of 1.5 V/pm and pressure of 2.66xl0'9 Torr, and the current variation was smaller
than 5%. After introducing the air to raise the system pressure to 8xlQ~8 Torr, the current
variation increased to ~ 10%.

The current varied more random after increasing the

pressure to 6.6xl0‘7 Torr, but total emission was still in a stable level. Serious current
decline happened when the sample was tested under 4.5xl0'6 Torr pressure. Under this
condition, emission dropped about 35% in 1000 minutes then reached a stable level.
After terminating the air inlet, emission became very stable but remained in the same
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Fig. 5.15. Em ission stability under different vacuum conditions for a MWNT emitter
grown on Ni substrate. Nanotube growth: 725 °C, C2H2:Ar=30:200 seem, 10 minutes.
level. There are two possible reasons that caused the emission loss after operation under
10"6 Torr: a) the nanotube tip damage by the ion bombardment, and b) destructions of the
emission sites due to chemical and/or physical reactions on tube surface. From previous
emission F-N analysis and the following investigations, we believe that surface reactions,
especially chemical reactions, play a key role for the current loss. Generally, MWNT
emitters on gauze substrates presented better performance (up to 10'6 Torr), which may
be due to the strong nanotube-substrate bonding.

5.2.4 Emission performance under various operation modes
Practically, electron sources are often applied in various operation and vacuum
conditions. Then emission performance, like the emission stability, reproducibility and
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lifetime, are subject to change under different operation modes comparing to the emission
under stable high vacuum.

The influences of surface adsorption, electric field and

various vacuum conditions on the emission are investigated.

Establishment o f the emission-adsorption equilibrium state with different
pre-pumping modes
Figure 5. 16 shows the emission variations under different vacuum-atmosphere
cycles for two MWNT samples. The test result for a commercial MWNT sample was
shown in Fig. 5. 16(a). Emission currents were measured under 480V with anode-emitter
distance of ~ 300 pm.

After exposing to air for periods of three and five hours

respectively, the second current-time curve test was started after pumping system for five
hours but third curve was acquired after 11 hours of pumping. There are two noticeable
phenomena from the tests. At first, currents normally dropped after short pumping time
and increased after longer pumping. Secondly, the drop or climb of the current started
from the ends of the previous tests and mainly happened in the initial periods. We
suggest adsorption molecule anticipated surface reactions play crucial roles on both
effects. After short pumping, many of the nanotube surface adsorbents, mainly H 2 O,
could not be effectively released. There probably is a H 2 O dominated adsorption layer at
the beginning of the emission. Some H2 O molecules on emission sites may be released
on Q Q

by the local temperature rising due to the electron emission Joule heating. Dean et al. ’

investigated the effects of water adsorption on the field emission. They found that there
is a water-dominated adsorbate tunneling state that may increase the emission, and the
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cleaning of the water will result in dramatic current drop. Thus, the current decreased
continuously in the initial period of second I-t test until the establishment of the surface
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Fig. 5.16. Emission variation with different pumping periods after exposing
samples to air. a) On the commercial MWNT samples grown on Hastelloy.
Sample supplier: NanoLab Co. b) On the self made MWNT samples grown
on Hastelloy. Nanotube growth: 725 °C, C2H2:Ar=30:200 seem, 10 minutes.
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emission-adsorption equilibrium state.

After longer pumping, most of the surface

contamination particles including H 2 O were desorbed. Then, there is a significant chance
that the emission sitesurface is not totally covered by adsorbates.

Normally in high

vacuum conditions, hydrogen is a main system residual gas component. It is probable
that hydrogen molecules react with the emission surface during the emission. From our
experiment shown later in this report, emission currents from MWNT may increase in a
10'7 Torr hydrogen surrounding.

Thus, emissions rose in this hydrogen anticipated

reaction process until they reached another emission-adsorption equilibrium state, as
shown in the third I-t test. After the formation of this equilibrium state, the surfaceadsorbate bond should be stronger than an ordinary physical adsorption bond. Even after
sample experiences an atmosphere-vacuum cycles, this bond still stands and there is a
small chance for other molecules to replace the adsorbate. This mechanism explains the
continuity of two current tests separated by an atmosphere-vacuum cycle. A supply of
external energy, like Joule heating from emission or heating sample directly, may destroy
this bond. We also observed this behavior from samples made by us and by another
research group at ODU. Fig. 5.16 (b) shows the result from MWNT emitter grown on
Hastelloy. Emissions also dropped with short pumping after exposing sample to air.

Influences o f nitrogen or hydrogen on emission
In the common vacuum systems, nitrogen is the major residual gas component,
whereas the hydrogen component dominates the high/ultra high vacuum. The influences
of the nitrogen and hydrogen adsorption on field emission were investigated. In Fig.
5.17, nitrogen was introduced into the system to atmosphere pressure for about five hours
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after the first emission stability test, and the second test was conducted after pumping
system for one hour with pressure in low 10'8 Torr. There is no evident current change
between test one and test two except the natural emitting variation trend. This means that
the interaction between CNT surface and N is weak and that nitrogen is easily desorbed
after short pumping. This inertness makes nitrogen a good candidate as a protective
medium for the preservation of CNT emitters.
The emission current increase was observed for metal emitter after operating in
hydrogen atmosphere,93’ 94 which appears to be due to the reduced work function of the
emitter tip in the presence of hydrogen.

Hydrogen is considered as electropositive

adsorbate to produce a positive dipole and lower the effective work function. In this
work, the emission behavior of the CNT emitters was investigated under operating
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Fig. 5.17. Emission stability with/without exposing MWNT sample to nitrogen.
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samples in hydrogen atmosphere. Figure 5.18 shows the results for carbon nanotubes
grown on Ni substrate by CVD method.

Emission current evidently increased after

introducing the hydrogen in the 170th minute into the system to raise the pressure to
1.3xl0'7 Torr.

The current increased as high as ~10% about seven hours after

introducing hydrogen. This test shows the adsorption of hydrogen on the CNT surface
may improve the emission resulting from the reduction of work function, just like metal
emitters. The fact the emission increased gradually after exposure to hydrogen could be
related to a process in which surface molecules other than hydrogen are replaced by
hydrogen molecules.

50i
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Fig. 5.18. Emission stability with/without exposing MWNT sample in hydrogen.
Emission stabilities were also studied in the system where nitrogen, hydrogen and
air were introduced in separate tests to increase its partial pressure from 1(T9 Torr to 10'6
Torr for a sample grown on the Hastelloy substrate, as shown in Fig. 5.19. Emission
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current was

kept almost constant when exposing the emitter to nitrogen but was increased

in 10'6 Torr hydrogen ambient. When exposing sample to air, the current evidently
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Fig. 5.19. Emission variations under different nitrogen, hydrogen and air pressure for
a MWNT emitter.

declined after the pressure was increased to above IQ'6 Torr. Experiments for the sample
grown on the Ni substrate presented similar behavior.

Emission recoveries from baking samples
Based on the fact that water and other adsorbates play a crucial role on the emission
performance, the emission stability was investigated with baking system after exposing
the sample to air. Figure 5.20 shows the results for CNT sample that was grown on the
stainless steel plate. After exposing sample to air for 3.5 hours, emission dropped 5-10%
in test 2 without baking the system. Test 3 shows the emission recovery after baking the
system to 150 °C for 12.5 hours.

Then the sample experienced two periods of air

exposing in test 4, in which emission current declined about 7% after introducing 5x10'
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Torr air into system and dropped more than 30% after 4.7xl0'7 Torr air for 13 hours.
After baking the sample, emission recovered to 95% of its previous value. After baking
of the sample, emission normally becomes more stable. When the CNT sample
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Fig. 5.20. Emission stability MWNT sample under various vacuum conditions.
Sample grown on the S.S. substrate, 650 °C, C2H2:N2=30:20Q seem, 30 minutes.

emitted under 3 x l0 '6 Torr air, current loss was as high as 70% in 14 hours, but baking
only recovered the emission to 80%.

Long-term operation of CNT under high

atmosphere pressure (4.7xl0‘7 Torr and 3 x l0 '6 Torr in our investigation) may cause
permanent lose of emission. This may be caused by two reasons: a) damage of emitting
sites by ion bombardment, and b) surface physical and/or chemical states variation by gas
adsorptions.
In order to identify the direct reason, we tested the emission stability for a similar
CNT sample with nitrogen exposure. After operations of CNT emitters under 3x10'
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Torr and 6x1 O'6 Torr nitrogen atmosphere, the current loss, which is believed to be
mainly caused by adsorptions of H 2 O and O 2 impurities, could be totally recovered after
baking samples. This means that the ion bombardment under high pressure (up to 10'6
Torr) operation doesn’t cause evident emission degradation.

To figure out the key

adsorption component causing the current loss, system partial pressures after introducing
air and nitrogen were analyzed by RGA. We found H 2 O partial pressures were 7xlQ'9
Torr and 1.8xl0'8 Torr, respectively, after introducing 4.7xlQ"7 and 3xl0'6 Torr air into
system, and were 3.5xl0'9 Torr and 1.6xl0"8 Torr for purging 3xl0"7 Torr and 6x1 CT6
Torr nitrogen respectively. It is clear that H 2 O partial pressures are in the same degrees
of magnitude for exposing nitrogen and air in our investigations. O 2 partial pressures,
which were 2.9xl0"8 Torr and 2.1xl0'7 Torr for exposing 6 x l0 '6 Torr nitrogen and air,
respectively, varied largely. We conclude that O2 plays a large role in the emission loss,
which is probably caused by the emission site disappearances due to oxygen related
chemical reaction during emission.

It seems emission under O 2 partial pressures of

higher than 10~8Torr is especially harmful.
The emission currents discussed in this section were beyond the adsorption
dominated regime. Thus, some emission behaviors are different from those discussed in
the section 5.2.2, where currents were increased gradually involving the low emission
EASRP (chemical reaction dominated) and the high emission EASRP (contamination
desorption dominated).
In Fig. 5.21, system pressure variation during a stability test is shown in 10~10 Torr
range for a MWNT sample that was treated by plasma etching. After a sharp increase at
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the moment of turning on the emitter, pressure, and therefore the desorption rate of
surface contaminations, gradually reached its highest value in about two hours and then
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Fig. 5.21. Emission current and system pressure variation in the stability for
MWNT emitter.

dropped to a stable level after three hours. The initial high degassing probably was
mainly from the silicon collector surface. The following slow pressure rise could be a
desorption process that is dominated by the release of nanotube surface adsorbates due to
Joule heating.

Nanotube deformation under high emission field
During emission stability tests, we observed an emission growing phenomena for
some samples. Figure 5.22 shows the stability tests for two nanotube samples that were
grown on Hastelloy substrates under the same processing parameters. For sample 1,
emission current increased continuously from 64.7 pA to 105 pA through four groups of
tests in 7240 minutes tested under the electric field of 4.4 V/pm. After decreasing the
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field to 3 V/pm, the MWNT sample emitted electrons stably at about 23 pA for 1730
minutes. Sample 2 shows similar emission behavior. Under the electric field of
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Fig. 5.22. Emission stability of MWNT emitters under different electric fields.
Nanotube grown: S.S. substrate, 725 °C, QEf:Ar=30:200sccm, 10 minutes,
(a). Sample 1. ( b ) . Sample 2.
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4.5V/pm, emissions increased from 129 pA to 246 pA in 1280 minutes, whereas the
current is stabilized around 74 pA under lower field of 3.2 V/pm.
The fact that currents rose under high field (high emission) but were stable with
lower field implies that the variation of the tube position induced by electric force plays
key role. When nanotubes emit electrons under a local field E, an electric force F acts on
the surface electron to attract the tube toward to the anode:
F = eE

(5.1)

For low field emission, force F is not high enough to vary the tube position. If the force is
larger than a threshold value, it may bend the nanotube inelastically. The decrease of the
field emission diode distance results in higher local field on the emission nanotube, then
emission current rises.
For the sample 2, its field enhancement factor is 4490. Then the local electric field
under 1120 V is
E = p V I d = 202057/ pan = 2.0205x 1010F /m .

(5.2)

If assuming there is only one electron out every time, the acting force will be
F = eE = 1.6Q21xlCT19 x2.02Q5xlQ10 = 3.24xlO~9iV = 3.24nN .

(5.3)

Other groups also investigated the nanotube bending by applying electric or
mechanical force. Akita et al.95 applied voltages between two 2.5 pm long parallel mount
MWNTs with tube separation of 780 nm.

After applying voltage higher than 4.5 V

(global field of 5.8 V/ pm), two tube arms closed and contacted completely.

They

concluded that the sudden closing is caused by losing the balance between the
electrostatic attraction and bending moment of the nanotube arms instead of the van der
Waals energy between tubes, for this energy is one order of magnitude lower than that of
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the strain energy of bending nanotube arms. Akita et al. 96 measured the displacement of
the nanotubes on one end by acting force on the side of the tube. About 20 nN force
pushed a displacement of about 0.5 pm for a 790 nm in length and 26 nm in diameter
MWNT. The longer the nanotube is, the lower the force necessary to generate same
displacement. They treated the nanotube as isotropic and elastic solid from repeatable
measurements.
Two types of emission increase were observed in our measurements. In the high
field emission test of sample 1, there is a fast emission increase period in the initial
period for every segment of the test, and then the current rises following the end of the
previous value. The rapid current rising of about half to one hour is probably caused by
the elastic deformation, whereas the slow and continuous increase is the result of inelastic
bending. MWNT samples on S.S. substrates also showed this initial emission increase
phenomena.

The rise of the emission with time, no matter fast or slow, is mainly

observed in samples having long tubes. In the emission stability test for nanotubes grown
on stainless steel substrate, it may take several hours to return to previous current level
even after very short emission interruption (several minutes). In several emission tests,
the nanotube surface was mounted very close to the electron collector. After electric
potential was increased to some value, tube surface and collector shorted. The collector
and CNT emitter opened again after blowing the gas flow through the inter-space, which
means the contacted tube was removed away from the collector. This distance variation
effect is easy to happen for emitters with curled tubes.
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5.2.5 Investigations of emission performance by surface mapping
Two types of measurements were conducted in the surface mapping studies using
the MWNT samples grown on the stainless steel substrates. In the first type of study, we
brought the anode tip above the sample surface and maintained a constant distance of 10
pm between the anode tip and the sample surface, and we measured the emission I-V
performance, as shown in Fig. 5.23 for the results in two different surface locations. In
the first test location, emission current reached 3.5 pA when increasing the anode tip
potential to 240 V, and the emission disappeared above this potential. The emission rose
to 4 pA after increasing potential further to 300 V, and then, emission dropped to zero
again with higher potential. Similar behavior occurred during the test in another location.
We suggest the tested emission current in both locations was from a single emission spot
for the following two reasons. First, it is highly possible that the emission from one
nanotube, which was near the tip and had highest surface field in the local area due to the
concentrated local field generated by the sharp anode tip, dominated the collected current.
Secondly, the complete disappearance of the emission under low current behaved like the
extermination of an emission spot because of the arc effect. In the test from the first
location, the second emission peak in 300 V was probably from another nanotube rather
than that emitting 3.5 pA under 240 V.

This group of tests shows that the highest

emission from one of nanotube spots is about 4 pA for samples grown on the stainless
steel substrates. Dean et al.

07

stated the maximum field emission current that can be

extracted from an individual SWNT is limited by the thermally-assisted field evaporation
of the nanotube.

They claimed that electron source designs could not call upon

individual SWNT to emit more than 300 nA to 2 pA without irreversible damage from
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Fig. 5.23. Emission I-V performance from the nanotube emitter measured by W tip
anode. Nanotube growth: S.S. substrate, 625 °C, C2H2:Ar=30:200 seem, 10 minutes,
a) Emission from first location, b) Emission from second location.
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the field evaporation. Clearly, the maximum emission from individual MWNTs is higher
than that from the SWNT from our experiments.
In another type of investigation, we moved the anode tip above the sample surface
at a constant displacement step and monitored the emission current change under constant
tip potential and tip - surface distance. Figure 5.24 is the result measured along a 28 pm
line with the displacement step of 4 pm under 545 V anode potential and 100 pm tip surface distance for a nanotube sample grown on the stainless steel substrate. There are
two emission “peaks”, which are in second measurement position (4 pm) and sixth
position (24 pm) respectively. We believe there existed two local spots on the nanotubes
that generated emission signals around positions 4 pm and 24 pm under the measurement
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Fig. 5.24. Emission current picked up by the anode tip along a line of 28 pm
under constant potential of 545 V and tip-surface distance of 100 pm.
Nanotube growth: S.S. substrate, 625 °C, C2H2:Ar=30:200 seem, 10 minutes.
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conditions. With this surface mapping, we are able to detect the surface spots which have
high local fields and will emit electrons upon applying electrical potentials. This means
we can “image” the nanotube surface emission spots, just as the imaging of the surface
profile by the Scanning Tunneling Microscope (STM).

5.2.6 Emission imaging
Imaging of the electron emission by a phosphor screen is a powerful tool to
visualize the emission process. It reveals some unique information: emission patterns,
distribution and variation of the emission site as well as the emission site density. As
shown in Section 3, electrons have very small kinetic energy (normally ~ 0.5 eV) after
tunneling through the surface, so they follow the lines of electric force in vacuum. For
the lines of the force diverge in first approximation radially from the emitter surface,
emission pattern by electrons hitting the screen reflect the enlarged spatial distribution of
the emitted density.84
In this investigation, CNT sample was grown on Hastelloy substrate, which is 4x4
mm2 in area. Phosphor screen is about 12.5 mm in diameter. The distance between CNT
and screen was about 200 pm. Six groups of tests were conducted in 13 days under the
vacuum of 3xl(T10-5xlO ‘10 Torr. In first group investigation as illustrated in Fig. 5.25,
first imaging spot appeared with emission current of 0.3 pA under voltage 950 V in
location A. Then current increased to 1.3 pA gradually and the imaging pattern consisted
of three spots. We believe increases of the current and image spots are mainly due to the
cleaning process on the tube surface resulting from the desorption of adsorbates, which
normally lowers the surface effective work function. When current reached 6 pA, more
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Fig. 5.25. Electron emission imaging from a nanotube sample under 950V with the
anode screen and sample distance of 200 pm. Nanotube growth: Hastelloy substrate,
725 °C, C2H2:Ar=30:200 seem, 10 minutes, a) 0.3 pA emission current, b) 1.3 pA
emission current, c) 6 pA emission current.

Fig. 5.26. Emission patterns after the dying out of the images shown in Fig. 5.25.
a) 0.3 pA, 1320 V. b) 12 pA, 1335 V. c) 15 pA, 1392 V. d) 65 pA, 1392 V.

(a)

(b)

Fig. 5.27. Emission patterns in third and fifth groups of tests under 1000 V.
a) 1.3 pA, 3rd group, b) 2.4 pA, 3rd group, c) 1.1 pA, 5th group.
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than three previous small spots joined together to form an inner black big elliptical
pattern. This big image was probably from the top (or cap) of one tube. Saito et al. 98
reported the inner black imaging pattern from the open-ended MWNT, and this peculiar
pattern was not observed from capped ones. The emission dropped to zero and image
disappeared after current increased to 23 pA.
After the dying out of the images in first group of tests, there were no emission and
image until voltage was increased to 1120 V. At this point, the image appeared in
another location and consisted of two very closed small spots with current of 0.02 pA.
Figure 5.26 shows a serious of image patterns with increasing voltages. Emission current
is 0.3 pA under 1320 V initially. The emission pattern changed to a big circular spot
with current of 12 pA at 1335 V. This pattern should also be from one tube and is called
second pattern here. After the voltage was increased to 1392 V, the current was 15 pA
and a smaller 3rd circular pattern appeared aside. About five minutes later, emission
current rose to 65 pA and both patterns, especially the third one, became bigger and
brighter. Meanwhile, the fourth spot became conspicuous beside the third one.
The third group of tests were conducted seven days later. When the voltage was
increased to 1000 V, the emission image appeared with one spot under the current of 0.42
pA. Ten minutes later, the current rose to 1.3 pA and the image showed clearly four
spots, as shown in Fig. 5.27(a). Forty minutes later, the emission increased to 2.4 pA and
a fifth imaging spot appeared as illustrated in Fig. 5.27(b).

Two hours later, after

applying 1000 V potential, current rose to 4.5 pA. The fourth group of investigation
presented similar emission and imaging performances with the third group. This means
the nanotube surface reached a stable adsorption state after the desorption of most of the
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surface contaminations from the previous three groups of measurements. To investigate
the variation of emission patterns, the system was exposed to atmosphere followed by
pumping the system without baking, and then the fifth group of tests was conducted
under the same potential of 1000 Y in the pressure of 7.3xl0~7Torr. Imaging showed that
the emission stabilized at 1.1 pA, as shown in Fig. 5.27(c).
Imaging tests revealed some interesting field emission performance for MWNT
emitters:
a). One MWNT could emit electrons over 20 pA for samples grown on the
Hastelloy substrates. This value is higher than the maximum current of ~ 4 pA drawn
from a single tube that was grown on the stainless steel, as discussed in the mapping
investigation. Rinzler et al. 50 measured the emission up to about 2 pA from a single
MWNT that was made from the DC arc method. One tube may have several emission
sites, which are believed to be from tube cap or body defects.66 The emitting tube could
be destroyed if the emission current from the tube exceeds threshold value. Dean et al.91
stated that the destroy of the emission site is due to the thermally-assisted field
evaporation of the nanotube.
b). Electrons normally emit from specific sites that have higher localized fields.
The fact that surface adsorption does not alter the sites means that the higher local field is
mainly a result of higher aspect ratio. The current drop after heavy surface adsorption is
mainly caused by the reduction of the emission sites, which is probably the effect of
surface effective work function increase.
c). During all imaging tests, there existed a current rising then stable process under
fixed potentials. One possible reason is due to the cleaning of the tube surface after
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electron emission, which reduces the surface effective work function resulting in
thecurrent increase.

This “cleaning” process is especially evident during the initial

operation period, like the tests in first and second groups. We have explained this effect
in previous section by the Fowler-Nordheim theory analysis. Secondly, the tube bending
further lifted the current, which was also discussed previously.
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SECTION 6
DEVELOPMENT AND APPLICATIONS OF CARBON
NANOTUBE ELECTRON SOURCES
In this section, practices of applying carbon nanotube samples in electron sources
and vacuum ionization gauges are described.

Computer simulation was used in the

design of field emission electron sources based ion source.

Emission and vacuum

performance of the electron source and the gauge were investigated.

6.1 Computer simulation for gauge design
In UHV instruments like ion gauges and RGAs, the measurement of gas pressure
and composition is carried out by detecting the ion current produced by the electron
11
bombarding gas molecule. To be able to detect extreme small ion current (< 10" A)
under low pressure, two factors are crucial in the design of the ionization structure:
ionization proficiency and ion collection efficiency.

Ionization proficiency is mainly

decided by the electron energy and molecule ionization cross section, as well as by the
electron trajectory and length. The x-ray electron current and the electron stimulated
desorption (ESD) ion flux from the electrodes and the wall need to be depressed so as to
acquire high ion collection efficiency when collecting the ion current, which is generated
from the system residual gas.85,99-102 Ionization proficiency and ion collection efficiency
can be represented by one parameter-sensitivity. Computer simulation was applied to aid
the design of the ion source structure and optimization of the electrode potentials in order
to achieve high sensitivity.
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6.1.1 Simulation results
In first step, we simulated the effective ionization space for extractor-type ion
source, which possesses an interesting calabash-like shape as shown in Fig. 6.1. Typical
electron trajectories for EG, top field emitter gauge (TFEG) and side field emitter gauge
(SFEG) are shown in Fig. 6.2. For TFEG, more than 80% of the electron trajectory is
within effective ionization space, but only about 60% of the electron trajectory is in this
space for SFEG and EG. In this work, we will focus on the development of TFEG.

13

effective ionization

Fig. 6.1. Effective ionization space of extractor type ion source.
Unit of source parameters: mm.

Table IV lists the relationship between the anode transparency and the average
electron pass times through the anode grid for both our results and the value according to
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Fig. 6.2. Electron trajectories of three types of extractor-type gauges,
a) Extractor gauge. B) SFEG. C) TFEG.
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Pittaway.

1m

Our results are smaller than those obtained by Pittaway.

Increasing

transparency will lengthen the electron path, and hence, sensitivity, evidently.
Practically, the increase of the anode transparency is limited by some factors like the
strength of the anode grid and the uniformity of the electric field inside the grid.

Table IV. Anode transparency and electron pass times.
( Pass time normalized to the value at transparency 0.9)
Anode
Transparency
0.9
0.95
0.975

Pittaway

simulation 1

1
2.05
4.17

1
1.34
2.64

simulation 2

simulation 3

1
1.96
2.3

1
1.81
2.2

Sensitivity then is calculated according to equation (4.2) by comparing with EG
which has sensitivity of 7— 8 Torr'1.104’ 105 Sensitivity of TFEG can be larger than 10
Torr'1.

6.1.2 Structure design
Several important factors decide the structure design: high sensitivity, low x-ray
current and ESD ions collection rate, good measurement linearity over wide pressure
range, and simple structure. For the UHV/XHV applications, the top requirements are
high gas ion (sensitivity) and low X-ray and/or ESD ions collection rates. In the structure
design, six steps were adopted:
a. Select extractor type basic structure;
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b. Modify the basic structure, and then simulate the electron trajectory from Simion
programming;
c. Calculate the gauge sensitivity according to formula (4.2);
d. Calculate the ESD ions and gas ions collection rates by Simion Simulations;
e. Pick up the candidate out of various simulated structures by considering
UHV/XHV applications requirements; and
f. Modify the candidate into final form with structure dimensions.
In step b, several dozens of modified structures were simulated. Finally, a semi-sphere
capped cylinder structure toped all other designs with low ESD ions collection rate and
high gauge sensitivity, as shown in Fig. 6.3. Figure 6.4 shows the simulation results of
the ESD ions and gas ions collection rates for various focus plate hole dimensions. The
ion collector can collect 85% of gas ions generated in the anode space if the focus plate
hole is larger than 2 mm in diameter, whereas the ESD ion collection rate rises to 13.4%
from 5.5% when increasing the focus hole diameter from 1mm to 3 mm.

d
H

.7

l

Fig. 6.3. Optimized FEG structure design.
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Fig. 6.4. Ion collection rate with focus plate hole dimension.

After the finalization of the structure, we tried to pick up the gauge electrical
parameters by simulation. One major concern in this process is to depress the ESD ion
collection rates. Figure 6.5 shows the simulation results of the ESD collection rates for
different anode potentials and reflector potentials. The corresponding gas ion collection
rates were also simulated under the same conditions. Under different anode potentials
from 200 V to 425 V, the ESD ion collection rate is lowest at 275 V with value of 9.4%,
while the gas ion collection rate decreases from 87% to 84%.

The minimum ESD

collection of 9.4% is reached under reflector potential of 205 V with the constant gas ion
collection rate of 87% in the reflector potential simulation range of 150 V to 425 V.
Finally, following source dimension and electrical parameters are recommended for
optimized field emitter ion gauge structure:
R = 12 mm, H = 30mm, D = 4mm, d = 1mm, r = 1mm.
Anode potential: 275 V, reflector potential: 205 V, focus and ion collector: 0 V.
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Fig. 6.5. ESD and gas ion collection rates variations under different anode and
reflector electrical potentials, a) Ion collection rate with anode potential.
Reflector potential: 205V, focus and ion collector: 0 V. b) Ion collection rate
w ith reflector potential. Anode: 275 V, focus and ion collector: 0 V.
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6.2 Carbon nanotube electron source and ion gauge
6.2.1 Design of Carbon nanotube electron source
The CNT electron source is a CNT-spacer-gate grid-anode collector structure as
shown in Fig. 6.6, in which the CNT sample was grown on gauze or on stainless steel
plate, tungsten gauze of 81% transparency serves as accelerating gate and mica sheet
separates the gate and the CNT surface. The nanotube sample is mounted on an electric
lead through silver paste. To acquire comparable results between samples, it is important
to control two dimension parameters, i.e., substrate area and distance between CNT
surface and the gate, accurately. The CNT-grid distance is measured using electrical
microscopy of resolution better than 1pm.

To ensure substrate surface flatness, the

stainless steel substrate is cut by a Buehler Isomet Low Speed Saw.

Anode
Gate gri
CNT

Fig. 6.6. Stmcture of the carbon nanotube electron source.

6.2.2 Investigations of CNT electron source performance
Figure 6.7 shows the emission I-V performance for two electron sources which
were made from MWNT samples grown on the Ni and Hastelloy gauze substrates
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Fig. 6.7. Emission I-V performance for two carbon nanotube electron sources,
a) Electron source: MWNT grown on the Ni gauze of 16.7 mm2, CNT-gate insulator:
~ 200 pm, CNT-anode: -1600 pm. b) Electron source: MWNT grown on the Hastelloy
gauze of 9.6 mm2, CNT-gate insulator: - 200 pm, CNT-anode: -1400 pm.
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respectively. For the Ni substrate based source, anode emission current reached 41 pA
under 310 V gate voltage with total of 64 pA. Hastelloy substrate based source showed
higher electric fields and its anode current was 18 pA under 480 V gate voltage, which is
partly due to the smaller nanotube surface area comparing with Ni substrate based source.
From the emission results described in Section 5, we know that the low emission
performance for the Hastelloy based source is directly related to the higher turn-on and
threshold fields of the MWNT emitters. The gate currents account for about 25-30% of
the total emissions for emission higher than 20 pA, i.e., the electron transmission rate
through the gate grid is about 70-75%. The transparency of the gate mesh is 81%, so the
current blocked by the gate mesh is only about 10% higher than the mesh surface area.
Besides the influence of the gate mesh structure, the ratio of the gate voltage to
anode voltage also plays a crucial role on the current collection rate by the gate. As
shown in Fig. 6.8, under constant anode voltage, lower the gate voltage over anode
voltage, lower the gate current over the total current. The electron transmission rate was
as high as 83% (17% current collected by the gate) when the gate voltage was in the
value of 63% of anode voltage, but total emission current also declines with reducing
gate voltage. In practical applications, there are not only requirements on the emission
current, but also limitations on the electrical potentials applied on various electrodes.
Therefore, the selection of the electrical parameters must be the result of balancing the
needs from various aspects. For the ion gauge and RGA, large gas desorption rate from
the gate caused by the high energy electron hitting under high gate potential may bring up
two effects: evident system pressure rise and the reduction of the CNT source life time
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Fig. 6.8. The ratio of the gate current over total current increases when
lifting the gate voltage.

due to the tube damage by ion bombardments. On the other hand, the gas ionization rate
will drop with increasing the anode potential.
In the electron source, the anode not only serves as the electrode to collect the
electrons, it also aids the electron emission under some operation conditions. Figure 6.9
shows the emission difference between with and without applying voltage on the anode
grid for two electron sources. Under experimental conditions, the total emission current
may rise up to 30-50 % after employing a higher potential on the anode comparing with
the gate. This effect is especially evident in the higher emission range. The electric field
generated from the anode penetrates through the gate grid and enhances the field
emission.
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Fig. 6.9. Field emission current increase with applying anode potential,
a) Electron source A: same with that in Fig. 6.6 (a), b) Electron source B: MWNT
grown on the Hastelloy gauze, CNT-gate: ~ 50 pm, CNT-anode: -3000 pm.
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The degassing performance of CNT electron sources was investigated by
employing the RGA. Figure 6.10 shows the system total and partial pressure variations
with the increase of emission current for a source made from the nanotube sample grown
on the Hastelloy substrate. The system pressure increased 16% (from 6.2xl0‘9 Torr to
7.2xl0"9 Torr) when the current was raised to 7 pA. The water partial pressure (mass 18)
almost kept un-changed, which means that the electron source was close to water-free
after pre-degassing by baking. The pressure rise was mainly due to the desorptions of
hydrogen (mass 2, from 2.8xl0"9 Torr to 3.2xl0‘9 Torr), CO2 (mass 44, from 6.0xl0'10 to
8.9xlO‘10 Torr) and CO (mass 28, from l.OxlO'9 Torr to 1.3xl0'9 Torr). There was the
highest partial pressure increase in percentage of 70% for O2 (mass 32, from l.OxlO'11 to
1.7xl0'n Torr), but this increase did not contribute much to the total pressure change in

— ♦ — pressure
—0 — m ass2
—A 1 mass 18
— H— mass 28
— K— mass 32
— O — mass 44
O.
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Fig. 6.10. System pressure and partial pressures variation after turning on CNT source.
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UHV range. In the XHV range, which is normally for the pressure of 10'11 Torr or lower,
O2 , CO and H 2 are the main ESD ion sources that may cause serious errors in vacuum
m

. 8 , 102, 106

measurement.

We also measured the pressure variation in the emission I-V performance test by
the simple diode structure in which the silicon wafer served as the gate, as shown in Fig.
6.11.

CNT source degassing performance is also plotted for comparison.

System

pressure was stable at ~ 6.1xl0"9 Torr with variation smaller than 2% for the emission
measurement up to 96 pA.

This results means that either the silicon anode or the

nanotube sample does not produce significant gas desorption during operations. Thus,
the pressure rise in the operation of the electron source was mainly the molecule
desorption from the metal electrodes (gate and anode) by the electron bombardment. The
gas desorptions from the electrodes could reduced by following measures when
employing CNT source in UHV/XHV conditions: selecting metal material with low gas
adsorption and reaction rates, minimizing the electron energy to weak the bombardment
effects and the most crucial, degassing the source completely before operation. Figure
6.12 shows the system pressure variation during a 940 minutes long emission stability
test. With emission current of 10 pA, system pressure rose to 7.5xl0~9 Torr from the
base pressure of 5.0xl0~10 Torr at the beginning of the emission. The pressure dropped
back to 1CT10 Torr 150 minutes later and stabilized at 5.4xlO"10 Torr, which was only
4.0xl0"n Torr higher than the base pressure, 900 minutes later. Thus, for the welldegassed electron source, the pressure rise caused by the electrode desorptions from the
electron bombardment could be controlled in the level of 10~n Torr or less, which makes
the application of the CNT source in UHV/XHV range possible.
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Fig. 6.11. System pressure variation with turning on the emission for CNT source and
CNT emission test diode.
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Fig. 6.12. CNT electron source outgas performance. Electron source: MWNT grown
on the Hastelloy gauze of 7.5 mm2, CNT-gate: -250 pm, gate - anode: -3000 pm.
System base pressure: 5.0xl0‘10Torr.
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From the investigations of emission stability and desorption performance, we found
that the top priority in the design of the CNT electron source is to minimize the electron
energy, and thus, the gate voltage. The high desorption rates of electrode contaminations
not only cause the system pressure increase, but also affect the source operation lifetime
due the tube damage by ion bombardments. Heer et al.lcn also

observed that in the diode

structure CNT electron source, discharge under high applied voltage caused the emission
decrease and larger fluctuations.

6.2.3 Development of carbon nanotube electron source based ion gauge
For the convenience of experiments, we developed carbon nanotube electron source
based ion gauge (CNT gauge) upon the EG structure. Figure 6.13 shows the gauge
structure illustration and the picture of actual CNT gauge, which is a top emitter
structure. Electron source

was selected based on three criteria:

low electrical field, high

electron transmission rate over gate mesh, and capability of operation under higher
pressure.

Carbon nanotubes grown on Hastelloy substrates were used for the

experiments.

Gauge performance was investigated in terms of sensitivity, linearity,

electrode potentials, and degassing rate. The gauge showed an excellent measurement
linearity between ion collection current and system pressure from IQ'6 to 10'10 Torr tested
in nitrogen, as shown in Fig. 6.14.

The measurement errors are about ±10% in the

pressure 10~10 Torr range and about ±5% in the higher pressure ranges. The deviation
from the linearity in low 10'10 Torr is mainly due to measurement uncertainty for extreme
small ion collection signal (10-14 A) under 50 pA electron current. We believe the
measurement linearity
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Fig. 6.13. CNT source ion gauge, a) Structure illustration,
b) Photo of actual gauge.
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Fig. 6.14. Measurement linearity between ion collection current and system pressure
for CNT ion gauge in nitrogen. Gauge electrical parameters: potential of anode and
reflector: 650 V; potential of source gate: 423 V; potential of source cathode, focus
plate and ion collector: 0; anode current: 45pA.

will extend to below 10' 11 Torr range if higher electron currents are achieved. In contrast,
gauges and RGAs employing the metal Field Emitter Array FEA normally had linear
measurement performance in the UHV/XHV ranges.

Ogiwara and Shiho27 only

presented performance of the FEA based RGA in the pressure of better than 10~9 Torr,
and Osihima et al.26 showed measurement linearity from 10~1 2 Torr to 10‘9 Torr.
The sensitivity stability for the CNT gauge is shown in Fig. 6.15 from 10'10 to 1CT6
Torr tested in nitrogen.

Sensitivity is between 2 and 2.5 with variation smaller than

±10% for pressure higher than 10'9 Torr, and the severe fluctuation in 10'10 Torr is the
result of the unstable measurement of small ion current. The measurement errors are

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

about ±10% in the pressure 1040 Torr range and about ±5% in the higher pressure ranges.
For this gauge, the highest sensitivity of 4/ Torr for nitrogen was achieved by optimizing
the electric potentials, which is smaller than the original EG sensitivity of 7/Torr104 and is
believed to be due mainly to the gauge electrical potential increases. As we learned from
our computer simulation, the higher the anode electrical potential, the lower the gauge
sensitivity. Theoretically, ionization efficiency decreases for most of the gases when the
electron energy is higher than an optimal value around 100 V, and then the sensitivity
declines as a sequence of the ion current drop under the same pressure.

as-

25-

§

0.5

1.00E-10

1.OO&Q0

1.Q0E-08

1.00E07

1.Q0E-06

1.00E-05

pressure Torr

Fig. 6.15. Sensitivity stability for CNT ion gauge in nitrogen.
Operation parameters: Va=Vr=700 V, Yg=450 V, Vk=0.

Figure 6.16 is the emission current data in the pressure range of 1040 Torr to 10'6
Torr with introducing atmosphere air into the system. Currents were stable for pressure
below 10'6 Torr and then started to increase. This deviation of emission from linearity in
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the high pressure end is due to the positive ion space charge repulsion in the ionization
volume.108 The drop of current in 10‘6 Torr is mainly the results of emission deterioration
from the dense ion bombardments.

The emission stability results showed that the

emission-lose is un-recoverable with operation under pressure higher than 10"6 Torr.
Thus, the operation vacuum conditions should be looked out when employing the CNT
ion gauge. In contrast, in our previous work in which the metal FEAs were applied in the
o

Extractor gauge and RGA as electron sources, the emission current began to decrease
below the mid 10"9 Torr range and lower for nitrogen and helium, and the current dropped
over 30% with nitrogen above 5 x l0 '7 Torr.
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Fig. 6.16. Emission current stabilities of CNT gauge in nitrogen.
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SECTION 7
SUMMARY AND SUGGESTIONS FOR FUTURE STUDY

7.1 Dissertation Summary
In this dissertation, following the scientific review of structural the physical
properties, research is focused on the fabrications, characterizations and field emission
applications of carbon nanotubes.
Multi-wall carbon nanotubes (MWNT) were successfully grown in a specially
designed thermal CVD system using C iW A r (or N 2 ) source gases in a temperature range
of 650-780 °C on various substrates: Ni and Hastelloy gauze, 304 stainless steel (S.S.)
plates, and Ni coated Si wafers. Diameters of nanotubes highly depend on the substrate
materials, i.e., tubes of 20-50 nm diameters on Ni and 200-300 nm diameter tubes on
Ni/SiCVSi substrates. Nanotubes grown on Ni or Hastelloy gauze adhere strongly to the
substrates comparing those on the Si and S.S. substrates, which is probably because
nanotubes also grow into the Ni substrate. High growth rates on Hastelloy and S.S.
substrates suggest that both the metal mixture catalyst and the surface grain structure are
positive factors for the multi-wall nanotube growth.

TEM analysis showed different

types of nanotubes depending on substrates and growth conditions: catalyst capped,
opened, catalyst filled, and hollow. The observation of large catalyst caps confirms the
CVD nanotube growth Baker model. AJFM photos showed joint tubes which may be
caused by the split of the large catalyst in the middle of the growth. High 1272 cm '1
Raman signal also suggests the high catalyst content in nanotubes by our fabrications.
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Nanotube growth conditions were optimized mainly by comparing the field emission
performance.
Field emission performance was intensively investigated for different nanotube
samples. The tum-on field Et0 is about 1.0 V/pm, 1.2 V/pm and 1.48 V/pm, and the field
for current density of 1 mA/cm2 is 1.32 Y/pm, 2.1 V/pm and 3.05 V/pm for nanotube
samples grown on the Ni substrate, Hastelloy substrate, and stainless steel substrate
respectively. Tum-on and threshold fields of nanotubes grown on the Ni substrate are
among the best level of reported data.

All samples presented good reproducibility

between different operation cycles with the divergence less than 3% after the initial
surface cleaning. Emission reproducibility between different samples grown under same
conditions was also investigated for emitters on the Hastelloy gauze and the stainless
steel substrates.

I-V curves of different samples on the Hastelloy substrate diverge

largely from sample to sample. We believe the twisted gauze structure causes the unreproducible V-I performance between different samples.

Instead, very encouraging

results were acquired from the nanotube samples grown on the stainless steel substrates.
Reproducibility of <±7% was achieved for samples made from different batches.
MWNT emitters showed excellent emission stability in high vacuum (<10~7 Torr). In the
350-hour long-term test for a MWNT emitter grown on the S.S., the current deviation
was below 5%. MWNT emitters on gauze substrates presented better performance in
high pressure condition (up to 10'6 Torr), which may be due to the strong nanotubesubstrate bonding.
Our experiments revealed several important field emission behaviors. The FowlerNordheim curve analysis showed that there exist three emission regimes: adsorption
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dominated, intermediate and intrinsic.

The behavior of low emission adsorption

dominated regime and intermediate regime depend on the surface adsorbents and
operation modes. Experiments showed that there are three different gas-surface reaction
processes, which are the emission assistant surface reaction process intend to lower the
surface effective work function in the low emission regime, the emission assistant surface
reaction process intend to clean the surface contaminations in the intermediate regime
and the gas re-adsorption process after the emission operation. The F-N analysis suggests
that the emission data should be carefully valuated in order to acquire the intrinsic or
“true” emission performance. An emission-adsorption equilibrium state may form due to
the heavy surface contaminations during the initial emission period without degassing the
emitter. Nitrogen gas is a good protecting environment to maintain emission stability
during the vacuum-atmosphere cycle.

Operating of CNT emitters under hydrogen

atmosphere may improve the emission, which could be related to the modification of the
surface work function. The tube deformation, elastically or plastically, may be occurring
under high electric field. This tube bending toward the anode raises the emission current
with time. MWNTs grown on the Hastelloy bend under the electric field of 4.5 V/pm,
which is corresponding to the force of about 3 nN. The method of the surface emission
mapping, which was employed to detect the surface emission spots, showed that the
maximum emission from a single tube on the S.S. is about 4 pA. The emission imaging
by the phosphor screen is a useful tool to investigate the emission performance. By this
method, we observed the emission current of over 20 pA for one nanotube grown on the
Hastelloy substrate and current variation due to the surface cleaning.
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With the help of computer simulation, we developed carbon nanotube electron
sources and ion gauge. The CNT electron source is a CNT-spacer-gate grid-anode
collector structure.

For the Ni substrate nanotube based source, the anode emission

current reached 41 pA under 310 V gate voltage with total emission of 64 pA. The
electron transmission rate through the gate grid is about 70-75%, only about 10% lower
than the gate transparency. The pressure rise due to the gas desorption from the gate by
the electron bombardment need to be minimized to apply the CNT source in the XHV.
The CNT source based gauge was fabricated upon the Extractor Gauge structure. This
gauge presented excellent measurement linearity from 10'6 to 10~10 Torr with sensitivities
of between 2 and 2.5/Torr for nitrogen using the carbon nanotube sample grown on the
Hastelloy substrate under the emission current of 50 pA. The measurement errors are
about ±10% in the pressure 10'10 Torr range and about ±5% in the higher pressure ranges.
This kind of gauge could be used for UHV/XHV applications.

We believe the

measurement linearity will extend to below 10‘n Torr range if higher electron currents
are achieved.

7 .2 Suggestions for Future Study
7.2.1 Improvement of the CVD growth system
The nanotube emitter grown on the stainless steel substrate presented two groups of
divided results. This is believed mainly caused by the difficulties to control the growth
conditions accurately.

Baked by a mechanical pump, the system can only reach a

vacuum of ~ 10'4 Torr, which may results an un-consistent vacuum conditions between
batches due to the high system degassing rates and eventually influences the tube growth.
Also, the furnace temperature actually may have a 10 °C difference between batches for
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the temperature settings around 700 °C. The nanotube outcomes will be different under
different temperatures, and so will the emission performance. Thus, the CVD system
should be evacuated by a high vacuum system, like the turbo system, and the system
heating should be manipulated by an accurate temperature control unit.

7.2.2 Growth of reproducible high pressure nanotube emitters
The investigations of the field emission performance for different kinds of nanotube
emitters showed that samples grown on the Ni or Hastelloy gauze presented lower
emission fields. The strong nanotube-substrate bonding, which may be the result of the
tube growth into the substrate due to the specially grain structure, is the key clue for their
better high pressure performance. The main problem for field emission application is the
difficulty to make reproducible emitters with closed emission fields, which is mainly
caused by the uneven gauze structure. It is worth to continue attempts on this kind of
materials. There are several possible solutions: a) to find and try some flat substrates that
possess similar material compositions and grain structures, and b) to discover methods
that may overcome the gauze structure limitation to make reproducible sources.

7.2.3 Fabrication of electron sources with low application voltages
Low electron source gate voltage is critical for practical applications. Operations of
the source under high gate voltage may generate many problems, like the measurement
performance deterioration due to the electrode potentials increases in the ion gauge and
the cut down of the nanotube emitters life time because of the high energy ion
bombardments induced by the high electron energy. It is important to emit the current of
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> 0.1 mA under the gate - nanotube voltage of < 100 V for the gauge applications. The
key to making a low-voltage source is to control the distance between the nanotube
surface and the gate accurately in the micrometer range. One solution is to fabricate the
source by the semiconductor deposition I pattern techniques, like the method to make the
Spindt type FEA.

There are several possible challenges: first, the substrate material

should be carefully selected in order to grow nanotubes with good emission performance
under high pressure conditions, secondly, the tube bending under high field may cause
the emission drift even the nanotube - gate short circuit.

7.2.1 Theoretical study of the gas - nanotube reaction mechanisms under different
operations
Our investigations revealed the complexity of the gas - nanotube reaction modes
under various vacuum and operation conditions.

There must exist different reaction

mechanisms with different gas conditions and different electron energy conditions. There
has been no theoretical study on this issue. We tried to identify different reaction regimes
and modes.

It is important to understand the mechanisms and establish necessary

theoretical models through a series of investigations of different nanotube emitters.
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